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ABSTRACT 

The Snoqualmie-Cedar area is a typical part of the border zone between the Cascade 
Range and the Puget lowland. The question at issue is the relation between Pleistocene 
alpine glaciers of the Cascades and the Puget lowland glacier. Evidence shows that the 
local Cascade glaciers were small and did not contribute to the Puget Glacier at any time 
during the last glacial stage. At its maximum the Puget Glacier pushed up into the 
Cascades, impounding long ‘‘Glen Roy” lakes in mountain valleys, some of which had 
been occupied shortly before by alpine glaciers. 

INTRODUCTION 

The Snoqualmie and Cedar rivers rise in the axial highlands of the 
Cascade Range and flow westward, issuing from the mountains into 
the Puget lowland approximately 100 miles south of the Canadian 
boundary. The Snoqualmie-Cedar area, as here defined, includes the 
lower mountain valleys of the Cedar River and the Middle and 
South forks of the Snoqualmie and contiguous parts of the Puget 
lowland. This area is treated here as a local unit, complete in itself; 
the regional problem of which it is a part is the relation between the 
Puget Glacier, which occupied the lowland during the Pleistocene, 
and local Pleistocene glaciers of western Cascade valleys. The para- 
graphs below are intended to explain the regional setting of the 
Snoqualmie-Cedar unit and to indicate the place of the present 
paper in a program of glacial study embracing the Puget region as 
a whole. 
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The earliest comprehensive reports on the glacial geology of the 
Puget region were published by Bailey Willis in 1897 and 1899," on 
the basis of detailed studies in the Tacoma quadrangle and recon- 
naissance throughout the remainder of the lowland. He regarded the 
Vashon (Wisconsin) Puget lobe as a great piedmont glacier formed 
by the coalescence of ice streams from Canadian highlands to the 
north, the Olympic Mountains to the west, and the Cascade Range. 
Willis’ theory, stated in regional terms, necessarily applies to the 
Snoqualmie-Cedar area, but his conclusions regarding large-scale 
contributions by local Cascade valley glaciers to Puget lowland ice 
were based primarily on studies farther south along the mountain 
front, and his papers contain no special mention of the area here 
described. 

In 1913” J Harlen Bretz published a much more detailed account 
of the glaciation of the Puget region, holding that the Puget lobe 
was essentially of Canadian derivation and presenting evidence to 
prove that the lowland ice moved into the lower reaches of some 
valleys in the Olympic Mountains. He devoted little space to dis- 
cussion of the eastern margin of the lobe, minimizing, without de- 
nying, the contributions of Cascade valley glaciers to the main mass. 
In this connection he states: ‘‘No evidence has been found to show 
that the Puget Sound Glacier crowded back into the Cascade Moun- 
tains as it did in the Olympics. Such evidence is not to be expected, 
since the glaciers of the Cascade Mountains were of much greater 
mass than those from the smaller Olympic Mountains.” 

In a brief section on the Snoqualmie-Cedar area Bretz ascribed 
a supposed moraine near Snoqualmie Falls, at the mountain front, 
to a local Cascade glacier and appears to have associated with it the 
derangement of the Snoqualmie drainage that produced the falls. 
The great morainal embankments within the Snoqualmie and Cedar 

«“T)rift Phenomena of the Puget Sound,” Bull. Geol. Soc. Amer., Vol. TX (1898), 


pp. 111-62; Willis and G. O. Smith, ‘Tacoma Folio,” U.S. Geol. Surv. Atlas No. 54 
(1899). 


2 “Glaciation of the Puget Sound Region, Washington,” Wash. Geol. Surv. Bull. 
Vol. VIII (1913). 


3 Ibid., p. 225. 
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valleys to be discussed below were regarded by him as remnants of 
an extensive drift-filling of pre-Vashon age; but no evidence was 
adduced in support of this age assignment, and the derivation of the 
drift, whether local or northern, was not discussed. 

The writer’s work along the eastern margin of the Puget lobe, 
begun in 1936 and continued at intervals since that time, has in- 
cluded study of the lower mountain portions of seven major stream 
valleys and the intervening Cascade mountain front; his students 
have reported briefly on one valley.* Remapping of the drift borders 
of the lobe around its southern and western (Olympic) margins is 
now in progress. This study, supported by a grant from the Penrose 
Fund of the Geological Society of America, is an extension of the 
earlier investigations along the eastern margin and will be reported 
in a paper on the marginal relations of the Puget lobe as a whole, 
including the Cascade front. Since adequate presentation of the mass 
of evidence bearing on Cascade-Puget ice relationships would unduly 
lengthen treatment of the regional aspects of Puget glaciation, it 
seems desirable to set forth separately and in some detail the evi- 
dence bearing on this particular issue in one typical segment of the 
Cascade front. 

The Snoqualmie-Cedar area has been chosen because it is, in cer- 
tain respects, ideally adapted for demonstration of essential relation- 
ships. Its central feature is a broad trunk valley, which, because it 
carries Puget lowland topography into the mountains, is here called 
the “Snoqualmie embayment” (Fig. 1). Three individual valleys 
which converge to form the embayment are similar in size and ap- 
pear to have had closely similar histories during the last glacial 
stage. Postglacial stream-cutting has, however, been markedly dif- 
ferent in the three valleys; in one the initial topographic form of the 
drift-filling is perfectly preserved, while deep trenching in the other 
two reveals its internal structure. For this reason there is a far more 
complete body of evidence available for the solution of glacial prob- 
lems in the Cedar-Snoqualmie area, considered as a whole, than in 
any other single valley along the densely forested Cascade front. 

4 Allen S. Cary and Charles W. Carlston, ‘‘Notes on Vashon Stage Glaciation of the 
South Fork of the Skykomish River Valley, Washington,” Northwest Science, Vol. XI 


(1937), pp. 61-62. 
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Fic. 1.—Topographic map of the Snoqualmie-Cedar area, redrawn from Sultan and Ce 
dar Lake quadrangles, U.S. Geological Survey. Location of places and features mentioned 
in text is indicated by initial letters in margin: SF, Snoqualmie Falls; S, Snoqualmie (town); 
NB, North Bend (town); MFE, Middle Fork embankment; SFE, South Fork embank 
ment; CE, Cedar embankment; CM, Camp Mason; The northwest-trending valley occu 
pied by Cedar Lake is the Cedar Valley; the southwest-trending valley occupied by the 
Cedar River is referred to in the text as the ‘“‘Cedar Spillway.”’ Lakes Calligan (LC) and 
Hancock (LH) lie in small valleys in the mountain front in northern part of the map. Ar 
rows indicate dip of foresets in the Tokul Creek delta near Snoqualmie Falls. 
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ORIGIN OF THE SNOQUALMIE-CEDAR EMBANKMENTS 
GENERAL STATEMENT 

From a vantage point on the floor of the Snoqualmie embayment 
the observer may look northeastward, southeastward, and south- 
ward into the valleys of the Middle and South forks of the Snoqual- 
mie and the Cedar rivers, respectively (Fig. 1). Mature lateral slopes 
of the three valleys, thus seen in profile, descend in normal fashion 
from the intervalley spurs, but they do not join normally in the 
axes of the valleys; at approximately the same level the lateral slopes 
of all three valleys are interrupted by flat-topped, hummocky ridges 
which appear to extend completely across the valley mouths (Fig. 2). 
These transverse embankments stand 700-900 feet above the general 
level of the floor of the Snoqualmie embayment and fall off toward 
it in steep, irregularly terraced slopes. The lack of harmony between 
the topography of the higher valley sides and that of the embank- 
ments suggests strongly that they are debris masses, postdating the 
valleys in which they lie. Excellent exposures in all three, showing 
contorted clay, irregularly bedded sands and gravels, and great 
boulders, prove that they are morainal. Evidence bearing on the 
derivation of the moraines—whether from local valley glaciers or 
from Puget Glacier—may be considered under two headings, name- 
ly, (1) the lithology of the materials of the embankments and (2) 
their topographic form. 

LITHOLOGY OF THE EMBANKMENT MATERIALS 

A large part of the drainage basin of the South Fork of the 
Snoqualmie is underlain by a uniform and distinctive granodiorite 
which constitutes the Snoqualmie batholith.s Local moraines in the 
headwater portions of the South Fork Valley are made up almost 
wholly of granodiorite; and numerous cliff exposures, traceable 
down-valley from known South Fork moraines to the vicinity of the 
valley-mouth embankment, give assurance that it would be simi- 
larly rich in this rock had the South Fork glacier had any part in its 
building. Cuts in the embankment reveal a great variety of rock 
types with Snoqualmie granodiorite notably rare (less than 1 per 


5G. O. Smith and F. C. Calkins, “Snoqualmie Folio,” U.S. Geol. Surv. Atlas No. 139 
(1906). 
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Cedar Valley 


Fic. 2.—Views of the morainal embankments in the mouths of the valleys of the Mid- 
dle and South forks of the Snoqualmie and the Cedar River taken from the Snoqualmie 
embayment. Initial letters and arrows mark the positions of the postglacial gorges of the 


streams. 
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cent). The most abundant single lithologic type, represented espe- 
cially in large and angular blocks, is a metamorphosed basic igneous 
rock (hereafter referred to as “‘the Mount Si rock’’), readily recog- 
nizable because of its greenish color and textural peculiarities, which 
is not known to occur in place in the South Fork drainage basin but 
which crops out in glaciated knobs in the Snoqualmie embayment 
and makes up a considerable part of the imposing mass of Mount Si. 
The position of Mount Si, at the angle between the mountain front 
and the Snoqualmie embayment, is such that its flanks would have 
been severely eroded by ice entering the embayment from the north- 
west. Its almost vertical west face, now streaming with talus slides, 
its scoured and plucked southern slopes, and the roches moutonnées 
of the embayment floor are the evident source of the boulders and 
blocks of Mount Si rock in the morainal embankment in the South 
Fork Valley. 

The Middle Fork drains what appears to be a batholith border 
zone, composed largely of intrusives and metamorphics; a few tribu- 
taries on the west side of the valley just above its mouth head in the 
Mount Si complex. The wide variety of rock types available up- 
valley thus makes it impracticable to use any single lithologic type, 
qualitatively, in determining the direction of derivation of the mo- 
rainal embankment which lies in the mouth of the Middle Fork 
Valley. But the abundance of Mount Si rock in the Middle Fork 
embankment and notable differences between suites of pebbles and 
ledge samples collected up-valley from those in the embankment indi- 
cate that this feature must have been formed by a glacier which 
moved into the valley mouth from the Snoqualmie embayment 
rather than by a local Middle Fork valley glacier. This view is 
strongly supported by the essential identity in lithologic composition 
of the Middle Fork and South Fork embankments. 

The Cedar River drainage basin is underlain by the Keechelus 
andesite and associated sediments, with some intrusive granodiorite 
in the headwater area; no outcrops of Mount Si rock have been ob- 
served, and the general geologic relations are unfavorable to its oc- 
currence. Richard E. Fuller,® in mapping the bedrock geology of the 

® “Geology of the Northeastern Part of the Cedar Lake Quadrangle, Washington,” 
Thesis No. 1201 (1925), University of Washington Library. 
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Fic. 3.—Map of the Cedar embankment (redrawn from map on file in Seattle engi 
neer’s office). Contour interval 1o feet. Contoured hills marked X are bedrock. 
The axis of the filled, preglacial valley of the Cedar River probably lies midway between 
hachured mountain slopes; the thickness of the fill may exceed 800 feet. Dash-dot 
line indicates crest of the morainal embankment. Note contrast between gentle up- 
valley slope from the crest toward Cedar Lake and the steep, terraced north face of 
the embankment. Arrows mark routes of meltwater at maximum (A) and recessional 
stands (B, C, D, E) of the Puget Glacier. Boxley amphitheater is indicated by hachures 
superposed on contours which show surface form before the outburst occurred. 
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Snoqualmie-Cedar area, was impressed by the abundance of boulders 
of Mount Si lithologic types in the Cedar morainal embankment and 
reconciled this observation with the views of his predecessors regard- 
ing glacial movements in the district by postulating the existence 
of an isolated mass of Mount Si rock underneath the waters of Cedar 
Lake. He now favors the view advanced here, namely, that the 
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Fic. 4.—Diagrammatic and hypothetical structure section of the Cedar embank 
ment along axis of preglacial valley. Outwash gravels deposited during advance of the 
Puget Glacier overlap and grade southward into lacustrine sediments and are in turn 
overlapped by till. At an early stage of ice advance Cedar Lake occupied the position 
of the solid line M, at a later stage the position NV, and so on toits present position. At 
all stages of advance and at the maximum stand of the glacier (dash-dot line A) melt 
waters flowed southward into Cedar Lake (see meltwater routes A, Fig. 3). Dash-dot 
lines B, C, D, and E suggest recessional stands of the ice during which the till on the 
north face of the embankment was thinned by meltwater scour (compare with terraces 
and meltwater routes B, C, D, and E, Fig. 3). Heavy dash line indicates approximate 
outline of Boxley amphitheater. Dash-dot line marks profile of postglacial Cedar gorge 
projected into the plane of the structure section. Depth and slope of the preglacial 
valley floor are unknown. 


Cedar moraine was built by a glacier advancing up the valley from 
the north rather than down the valley 

In brief, then, the three valleys which converge in the Snoqualmie 
embayment differ markedly in bedrock geology, but the moraines 
which cross their mouths are so similar in lithology as to be indistin- 
guishable, each from the others. The Mount Si rock, which, because 
of its limited outcrop area and distinctive character, serves well as 
is common in all three morainal embankments and 


an index stone, 
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indicates that they were formed at the terminus of a tongue of the 
Puget Glacier which advanced eastward into the Snoqualmie embay- 
ment. 

TOPOGRAPHIC FORM OF THE EMBANKMENT 

As pointed out in the introduction, the morainal embankments have 
been modified by postglacial stream-cutting in different degrees in 
‘ach of three valleys; the one in the Cedar Valley has been little 
changed from its initial form and serves as a type. Had this moraine 
been built by the local Cedar valley glacier adjacent to an ice-free 
Snoqualmie embayment, it should have been flanked on the north 
by a northward-sloping outwash plain. The north face of the Cedar 
embankment is, however, a 700-foot scarp which descends steeply 
to the Snoqualmie embayment. Since the knobby, kettle-pitted mo- 
rainal surface extending northward from the base of the scarp and 
the topographic details of the scarp itself could not have been formed 
by postglacial stream-swinging, this feature must be regarded as 
an ice-contact face. Complementary proof that the moraine was 
built by ice from the north is a long, smooth surface, sloping south- 
ward from the crest of the embankment to Cedar Lake (Figs. 3 and 
4). Both the direction of slope of this surface and the current bed- 
ding and lithology of the gravels of which it is composed indicate 
that it is an outwash apron, spread into the valley by meltwaters 
from the north and northeast. 

The scarps descending to the Snoqualmie embayment from the 
Middle and the South Fork moraines are similar in topographic form 
to that of the Cedar embankment and are, like it, ice-contact slopes 
essentially unmodified by postglacial erosion. The broad plateau of 
drift in the Middle Fork Valley is highest and somewhat hummocky 
along its southwestern edge, and its surface slopes northeastward 
(up-valley) for over a mile before breaking off in steep swing scarps 
that descend to the present stream (Fig. 1). It is, therefore, analo- 
gous to the up-valley-sloping Cedar outwash apron. No extended 
remnants of outwash-plain surface are preserved in the South Fork 
Valley, where the embankment has been reduced to a narrow ridge 
by stream cutting on the east (Fig. 1). 

The embankments have been treated above as individual topo- 
graphic features. Considered together, all three constitute one major 
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morainal unit, semicircular in plan and convex eastward. This align- 
ment of the morainal embankments could be explained only by co- 
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Fic. 5.—Maximum stand of the Vashon Puget Glacier (Embankment substage). 
Meltwaters from the glacier built deltaic outwash plains into the Middle Fork, South 
Fork, and Cedar lakes, and discharged from them in ice marginal channels (see text for 
qualifications). Local glaciers which doubtless occupied cirques in the mountains are 
not shown. 


incidence had they been formed by three independent valley glaciers; 
the semicircle of ice-contact slopes is, according to the theory pro- 
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posed here, the mold of the Snoqualmie embayment lobe of the Puget 
Glacier (Fig. 5). 





B 


Fic. 6.—Views in the Snoqualmie Valley. A. View of the south flank of Mount Si, 
showing contrast between ice-scoured and moraine-ridged lower slopes and the upper 
unglaciated slopes. B. Lacustrine clay in the South Fork Valley, } mile east of Camp 
Mason. Inset shows detail of bedding, the light-colored layers being clay and the darker 
layers silt. The highest varve is 14 inches thick. 


Supplementary evidence bearing on the origin of the Snoqualmie- 
Cedar morainal embankments includes: (1) strongly developed crag 
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and tail topography in a foothill belt along the western base of the 

Cascades, indicating a direction of movement of Puget ice directly 

toward the mouth of the Snoqualmie embayment; (2) roches mouton- 

nées with contrasted stoss and lee slopes on the south flanks of 

Mount Si and on the embayment floor, which indicate the same 
movement direction well within the mountain front; and (3) a sys- 
tematic eastward slope of the Puget ice surface, as marked by the 
height of the fresh exotic pebbles, fresh glaciated ledges, and mo- 
raines along the mountain front and on the sides of the embayment 
(Figs. 5 and 6, A). These features require no extended verbal de- 
scription. 

RELATIONS OF THE EMBANKMENTS TO LAKES AND 
LACUSTRINE SEDIMENTS UP-VALLEY 

For a distance of 5 miles up-valley from its embankment, bedded 
clays and silts are exposed in stream cuts and road cuts in the valley 
of the South Fork of the Snoqualmie. The clays range in elevation 
from 1,000 feet at the down-valley end of the exposures to 1,600 
feet at the up-valley end, but the difference between these figures 
does not represent the total thickness, for the base of the down- 
valley clays is below the present river level. The greater part of the 
sequence is merely laminated, but some cuts show systematic altera- 
tions of thick silt layers with clay layers which are interpreted as 
varves. In one exposure in the lower part of the sequence individual 
varves average 10 inches in thickness, about twenty-five being re- 
corded in a bank 20 feet in height (Fig. 6, B). 

The South Fork has cut a postglacial valley approximately 600 
feet deep through its valley-mouth embankment and is now caught 
on ledges of the preglacial south valley side, in which it is incising 
a slotlike gorge with waterfalls (Fig. 7). In the natural section of the 
embankment exposed in the sides of the transverse valley, lacustrine 
clays and silts are interbedded with sands, gravels, and till sheets. 
Parts of the sequence show distortion by ice thrusting. 

In these exposures deltaic foresets and current bedding in gravel, 
sand, and silt and the trend of gravelly channel fillings indicate that 
the direction of flow of the depositing waters was to the west and 
southwest (Fig. 7). This would seem to be precisely the reverse of 
what the relations described above should lead one to expect, since 
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the Puget Glacier, advancing from the west, should have discharged 
its meltwaters eastward into the South Fork Lake. But it must be 
remembered that meltwaters entering the South Fork Valley from 
ice blocking the valley mouth must, in the absence of other outlet, 
have escaped from the valley along a route marginal to the ice 





Fic. 7.—View looking eastward through the narrow valley cut by the South Fork 
in the South Fork embankment. The preglacial South Fork valley lies to the north 
(/eft); the river is here cutting in bedrock of the preglacial south valley side and is in 
cised in rock gorges immediately upstream and downstream (Twin Falls). Lacustrine 
clay, interbedded with gravel and till, appears in the upper part of the morainal bank 
to the left. Foreset bedding, dipping westward (toward the camera) is seen in the center 


just above the road 


blockade. It will be shown below that at the maximum stage of the 
Puget Glacier all glacial lake outlets in the Snoqualmie-Cedar area 
were between the entering ice tongues and the southern sides of the 
dammed valleys (Fig. 5). The South Fork embankment cuts, 600 
feet below the level of the crest of the embankment, are immediately 
adjacent to the preglacial south valley side; the seemingly anoma 
lous sedimentary structures indicate that the outlet of the South 
Fork Lake was, likewise, in a south marginal position at an early 


slage of ice advance and embankment-building. Similar westward 
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dipping structures in glaciofluvial and glaciolacustrine materials at 
several higher levels on the south valley side indicate that this mar- 
ginal position of the outlet was maintained as the level of the lake 
was raised progressively by increase in height of the glacial barrier. 

The drainage of the South Fork Lake at its maximum level flowed 
southwestward into Cedar Lake, a distance of approximately 4 miles 
(Fig. 5). The position of the connecting stream, or series of ice- 
marginal ponds, is marked by immense sand and gravel deposits, 
with westward-dipping foreset bedding and current bedding, pre- 
served as terrace forms and minor ravine fillings at a fairly uniform 
level of 1575-1625 feet against the south valley side. Sheer cliffs be- 
tween the sand fills suggest that locally the interlake channel may 
have been floored by ice. The meltwaters entered the Cedar Valley 
through a saddle between the main Cedar-South Fork Snoqualmie 
divide and a minor outlying rock knob, well shown on the topo- 
graphic map of the Cedar embankment (Fig. 3). 

Additional evidence bearing on the height of the South Fork Lake 
is furnished by a number of fan deltas of side streams, built out into 
the lake near its eastern or up-valley end. The distal ends of several 
of these features stand at about 1,600 feet, the level noted above as 
the approximate elevation of the outlet channel. 

Observations in the Middle Fork Valley repeat and, in certain 
respects, supplement those along the South Fork. Postglacial 
stream-swinging has, in this case, sectioned the up-valley face of the 
embankment, near the center of the preglacial valley. In these cuts 
bedded sands and gravels of the embankment grade up-valley into 
lucustrine clays, and short deltaic foresets are directed up-valley. 
These deposits were evidently formed at a point of inflow into the 
Middle Fork Lake, in contrast with those described in the South 
Fork Valley, which were formed at a point of outflow. Upstream 
from the embankment the whole valley floor is a jumble of land- 
slides and flows in bedded clays. A typical undercut bank near the 
junction of Taylor River with the Middle Fork, 7 miles up-valley 
from the embankment, exposes over 100 feet of laminated or varved 
clays with the base below the present river level. 

One of the most striking features of the Middle Fork Valley is a 
“shoreline,” somewhat different in origin but reminiscent of the 
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famous Parallel Roads of Glen Roy’ (Fig. 8). It is best seen from 
the air; on the ground it resolves itself into a series of tributary fan- 
delta apexes, connected by a faint change in slope and vegetation 
on stabilized talus slides. The uniform level of the shoreline, main- 
tained for a distance of 2 miles in spite of local variations from fan 
to fan, together with the level of the distal end of the deltaic out- 





Th 


Fic. 8.—Airplane view looking east-southeast across the valley of the Middle Fork 
of the Snoqualmie (foreground). The large valley on the right (south) is occupied by 
the South Fork. The water body in the distance is Lake Keechelus (L.K.), a moraine 
dammed lake on the east flank of the Cascade Range. Note the glaciated form of the 
valleys which join the Middle Fork Valley; these tributary valleys have cirques and 
cirque lakes at their heads (see general map, Fig. 1). A straight edge, placed on the 
photograph at level of dash in left margin will lie along the ‘‘shoreline’’ described in 
the text; higher and lower markings on the mountain flanks are logging roads. The 
hills in the right foreground are part of the Middle Fork Valley mouth embankment. 


(Pacific Areal Surveys.) 


wash plain built into the lake from the Puget Glacier, fixes the level 
of the Middle Fork water body at 1550-1600 feet. The outlet channel 
from this lake into the South Fork Lake is represented by a broad 
sag where the two embankments abut against the descending rock 
spur between the two valleys, but a growth of dense forest obscures 
topographic details. 

Finally, in the Cedar Valley the Pleistocene lake still remains. 

7T. F. Jamieson, “On the Parallel Roads of Glen Roy,” Quart. Jour. Geol. Soc., 


Vol. XTX (1863), p. 235. 
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Its relation to the Cedar morainal embankment is shown by the 
detailed contour map and structure section (Figs. 3 and 4). 

The Snoqualmie-Cedar glacial lakes have been depicted in Fig- 
ure 5 as separate water bodies joined by ice marginal streams. This 
concept must be qualified by a statement of the possibility, sug- 
gested by relations of the five Berg Lakes similarly impounded in 
mountain valleys by a lobe of the Bering Glacier,* that the drainage 
of the Snoqualmie-Cedar lakes may have been subglacial or en- 
glacial during some stages of ice occupancy. The overlapping in 
ranges in elevation given for the three lakes and the presence of 
thick deltaic foresets in the terrace along the steep mountain front 
between the Middle Fork and Cedar valleys suggests, in addition, 
the possibility that during some stages the three lakes may have 
been connected by open water, thus constituting one large, digitate 
water body. This condition would have obtained if the ice blockade 
at the final (southwestern) outlet of the Snoqualmie-Cedar area had 
been higher than those parts of the Puget Glacier which blocked the 
individual valley mouths. 

ORIGIN OF THE CEDAR SPILLWAY 

It is evident from topographic relations that the greater part of 
the drainage of the Snoqualmie-Cedar area escaped through the 
lower, southwestward-trending segment of the Cedar Valley (the 
Cedar spillway, Fig. 1) during the stages of glacial occupancy. This 
valley is now flanked on the south by a broad, southwestward- 
sloping terrace, locally pitted by shallow kettles (Fig. 9). The ter- 
race surface coincides in elevation with the highest level of Cedar 
embankment outwash and is apparently a remnant of a valley train 
formed by meltwaters discharged from the Cedar-Snoqualmie area 
during the maximum stand of the Puget Glacier. The absence of 
bedrock exposures in its steep frontal scarp or in transecting tribu- 
tary gorges proves that the terrace is part of a valley fill and that 
the cutting of the deep rock valley in which it lies must antedate 
the last glacial stage. 

It seems probable that Cedar River originally flowed northwest- 
ward, parallel with the regional and local strike, as part of the 


8 See U.S. Geol. Surv., topographic map of the Controller Bay Region, Alaska. 
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Snoqualmie drainage system (Fig. 1). Invasion of the Snoqualmie- 
Cedar trunk valley by Puget ice during an earlier Pleistocene stage 
might then have caused ponding (as in the last stage) and diversion 
of meltwaters across a low place in the southwestern divide, possibly 
along a fault zone suggested by the alignment of the Middle Fork 
and the lower Cedar valleys. Incision of part or all of the Sno- 
qualmie-Cedar drainage in the course so determined, during one or 





Fic. 9.—View looking eastward across the Cedar spillway. The valley in the fore- 
ground is occupied by the southwestward-trending segment of the Cedar River (see 
Fig. 1). The terrace is a remnant of the fill formed by discharge from the Snoqualmie 
Cedar area at the maximum stand of the Puget Glacier. The valleys in the background 
are, from left to right, the Middle Fork of the Snoqualmie, the South Fork of the Sno- 
qualmie, the Cedar Valley, and, on the extreme right, the preglacial valley of the Green 
River. (U.S. Forest Service.) 


more interglacial stages, could then have produced the deep rock 
valley utilized as a spillway during the last glacial invasion. In a 
number of similar situations elsewhere along the Cascade front this 
hypothesis is supported by direct evidence. 


INTERNAL CONSTITUTION OF THE EMBANKMENTS 
MECHANISM OF ORIGIN 
Evidence has been presented tending to prove that the Sno- 
qualmie-Cedar embankments are terminal moraines formed by a 
tongue of the Puget Glacier which blocked the mouths of the Sno- 
qualmie and Cedar valleys and that lakes existed in these valleys 
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during the period of morainal accumulation. The accompanying dia- 
grammatic cross section illustrates certain special structural and 
stratigraphic relations in the morainal fills which are the direct re- 
sults of this mode of origin (Fig. 4). The section is drawn for the 
Cedar Valley, where the initial topographic form of the embank- 
ment is still largely preserved. It is based on study of surface ex- 
posures in the Cedar Valley, and, in addition, it embodies all avail- 
able evidence in the valleys of the two forks of the Snoqualmie, 
where deep postglacial stream-trenching has laid bare parts of the 
glacial fill which are still hidden from direct observation in the Cedar 
Valley. The section is drawn along the axis of the filled valley and 
depicts relations of sediments deposited by meltwaters which flowed 
into the lake from the Puget Glacier. As pointed out in an earlier 
paragraph, significantly different conditions should be expected near 
the southern side of the filled valley, where the water-laid parts of 
the fill were deposited in part by an ice marginal stream flowing 
out of the lake. 

It appears that a small lake was formed in the valley when the 
entering glacier first blocked its mouth. The lake was progressively 
increased in size, shifted up-valley, and raised in level as the ice ad- 
vanced (Fig. 4, M—N). It was at all times floored by fine-textured 
sediments deposited from suspension, and it was usually separated 
from the ice front by a greater or less breadth of gravelly deltaic 
outwash plain. Especially during later stages of upbuilding of the 
embankment the advancing glacier accommodated itself to the grow- 
ing barrier in its path by upthrust at the frontal edge. 

A uniform rate of ice advance and proglacial deposition should, 
under these circumstances, have resulted in a progressive up-valley 
overlap of lake-bottom silts and clays by sandy and gravelly deltaic 
foresets, of these lacustrine foresets by thick stream-laid topsets, and 
of these outwash deposits by till, with more or less ice shoving re- 
corded at the till-outwash contact. The actual complex interfinger- 
ing of till, outwash gravels, and lacustrine sediments, seen especially 
in cuts in the Middle and South Fork valleys, and indicated in dia- 
grammatic fashion in the cross section, is clearly due to oscillations 
in the position of the ice front, shifting in routes of meltwater 
streams, and variations in the level of the lakes. 
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SIZE OF THE EMBANKMENTS 

Ice-contact slopes descending from the crests of the Snoqualmie- 
Cedar embankments vary in height from 500 to 700 feet; a conserva- 
tive estimate makes the detrital fill in the axial parts of the pre- 
glacial valleys more than 800 feet thick. The embankments are, 
then, as morainal accumulations, immense by any standard of com- 
parison; they exceed by many times the largest terminal moraines 
built by the main Puget Glacier in the southern part of the Puget 
lowland. The great size of the embankments is evidently due to the 
fact that they were built into lakes which acted as sediment traps, 
retaining not only the coarser fractions of the detritus outwashed 
from the glacier but a large share of the rock flour as well. The 
structure section indicates that the embankments are made up large- 
ly of water-laid materials and that till is merely a veneer of varying 
thickness of the ice-contact slopes. 

FAILURE OF THE CEDAR RESERVOIR 

The costly and disastrous failure of the Cedar Reservoir provides 
a striking confirmation of the theory of origin and constitution of 
the Cedar embankment outlined above. The history of the Cedar 
project has been published elsewhere; hence, only one aspect of the 
failure which bears on the present discussion need be mentioned here.’ 

In 1914 the City of Seattle completed a concrete dam in the post 
glacial Cedar River gorge, for the purpose of increasing the storage 
capacity of Cedar Lake (Figs. 3 and 4). As indicated in the structure 
section, the gorge above the dam is cut in open-textured outwash 
gravels which make up the bulk of the embankment. In 1918, after 
completion of certain sluicing operations intended to stop very seri 
ous leakage of water from the reservoir through the gravelly north 
eastern side of the gorge, the water was raised to the spillway (1,555 
feet). Eight days after the water reached its full height an outburst 
occurred in the eastern part of the ice-contact slope 6,000 feet from 
the dam. ‘The initial discharge, estimated at from 3,000 to 20,000 
second-feet, washed out from 800,000 to 2,000,000 cubic yards of 
detritus in a few hours, producing a great amphitheater-shaped 


9“A Geologic Interpretation of the Failure of the Cedar Reservoir,” Univ. Wash 
Leng. exper. Stat. Bull. 107 (1941 
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crater. The flood passed down the valley of Boxley Creek to the 
Snoqualmie River, causing damage which resulted in a large judg- 
ment against the City of Seattle. The outflow quickly decreased to 
a few hundred second-feet and tapered off to a few second-feet as 
the water level in the reservoir decreased. There was no sudden 
lowering of the water in the reservoir at the time of the outburst. 

The walls of the Boxley amphitheater are composed from bottom 
to top of gravels which are identical in lithology with the gravels 
outcropping in the gorge wall above the dam and which are surely 
a part of the same sequence of outwash deposits. Till is exposed at 
a number of points on the ice-contact slope east and west of the 
Boxley amphitheater and makes up the throat of the amphitheater. 
It appears that water moved laterally out of the reservoir into the 
open-textured gravels of the embankment, where it accumulated in 
great volume behind the relatively impervious till which veneers the 
ice-contact face. The immediate cause of the burst appears to have 
been a breaching of this till seal, which permitted the water im- 
pounded in the outwash gravels to escape with a rush. The Cedar 
project deserves a prominent place in the list of reservoir failures 
due to an almost complete disregard, by the builders, of the geology 


of the reservoir walls. 


RELATIONS OF LOCAL CASCADE GLACIERS TO THE 
VASHON PUGET GLACIER 
GENERAL STATEMENT 

The Cascade Range, in the latitude of the Snoqualmie-Cedar area, 
shows every mark of severe alpine glaciation during the Pleistocene: 
all peaks above 6,000 feet approximate matterhorn forms, well-de- 
fined cirques occur as low as 3,000 feet, and, on the eastern flanks 
of the range, bulky moraines mark the termini of Cascade valley 
glaciers many miles in length. Numerous glaciers still exist on peaks 
along the axis of the range. Deductive reasoning, therefore, favors 
the view of Willis and Bretz, namely, that Cascade valley glaciers 
should have advanced at least to the western mountain front during 
the last glacial stage, which saw the whole Puget lowland flooded by 
ice of Canadian origin. Field relations indicate, however, that this 


was not the case in the Snoqualmie-Cedar area. 
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SMALL SIZE OF CASCADE GLACIERS AT MAXIMUM 
STAND OF THE PUGET GLACIER 

The absence of fresh morainal materials of Cascade derivation 
along the shores of Cedar Lake proves that the local Cedar glacier 
did not extend to the lake at any time during the Vashon stage. In 
the valleys of the two forks of the Snoqualmie the Vashon lake clays 
are traceable well back into the interior of the range and maintain 
their uniformity in texture and lamination to the farthest up-valley 
remnants. This fact, together with the absence of interbedded tills, 
or evidence of ice thrusting, or ice-front deltas or kettles in the lake 
deposits, indicates that local Snoqualmie glaciers did not occupy the 
lower parts of these valleys when, at the maximum stand of the 
Puget Glacier at their mouths, the valleys were the sites of lacustrine 
sedimentation. Fresh morainal materials occur in both valleys im- 
mediately up-valley from the lake clays, but stream-cutting and 
aggradation in the vicinity of the heads of the former lakes obscure 
critical relations and make it impossible to affirm or to deny that 
the snouts of local glaciers may have stood in or near the heads of 
the Snoqualmie lakes when they were in existence. 

The absence of morainal deposits of local trunk glaciers resting 
on lake clays in any of the valleys indicates that the local glaciers 
did not advance, subsequent to the lacustrine stage, into those parts 
of the valleys which had held lakes. 

These statements refer specifically to local trunk glaciers. Topo- 
graphic relations at the mouths of short tributary valleys heading 
in cirques suggest that some high-gradient tributary glaciers may 
have debouched into the lakes. Coarse detrital deposits, lying in the 
main valleys at tributary mouths and known to have been derived 
from the tributary basins on lithologic grounds, support this view 
but are not regarded as being decisive, for the writer knows of no 
criteria, applicable to small exposures, for distinguishing between 
materials laid down by ice directly and those deposited in torrential 
fan deltas by streams flowing from glaciers. 

It appears, therefore, that local trunk glaciers were notably small 
at the time of maximum extent of the Puget Glacier and that they 
did not attain large size at any subsequent time. Relations at the 
heads of the former lakes in the Snoqualmie valleys, where the lake 
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clays are in juxtaposition to fresh morainal materials, suggest the 
interesting possibility that the local glaciers may have been some- 
what larger during an early phase of the last glacial stage previous to 
the maximum stand of the Puget Glacier. 


PROBABLE EARLY VASHON EXTENSION OF CASCADE GLACIERS 

The straightness and U-form of the Snoqualmie-Cedar valleys, 
hanging-tributary relationships, and the existence in the Middle 
Fork and Cedar valleys of streamlined rock hills isolated from the 
valley sides by minor channels indicate the former presence of vig- 
orous valley glaciers that may have extended to the Snoqualmie 
embayment or beyond. It is evident in the Cedar Valley that these 
features must have been formed during a pre-Vashon stage, since 
the parts of the valley in which they occur do not carry fresh drift. 
The conclusion that local Cascade glaciers were notably larger dur- 
ing earlier glacial stages than during the last stage is in harmony 
with known relations of Cascade valley glacier moraines of several 
ages on the east flanks of the range. It follows that general topo- 
graphic relations which prove the former existence of large local 
glaciers in the Snoqualmie valleys cannot be used to prove that these 
glaciers attained large size during an early phase of the last glacial 
stage. 

The best available evidence bearing on this problem is provided 
by an exposure of local till in the South Fork Valley at the present 
river level 3 miles down-valley from the head of the former glacial 
lake (Fig. 10). The till is identified as such by its sheeted structure 
and the presence of striated boulders and is ascribed to the South 
Fork trunk glacier because of a predominance of granodiorite of 
up-valley derivation, unlike the local valley side rock and wholly 
different from the rock types in the Puget moraine at the valley 
mouth. The till is overlain by talus which is, in turn, overlain by 
lake clays. In the immediate vicinity it rests on bedrock or on dis- 
turbed talus. The till is not notably clayey, and directed search has 
failed to discover in it the clay fragments that would be expected 
had the glacier been active while the lake was in existence. Strati- 
graphic relations of till, talus, and clay in this exposure indicate 
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that the local glacier had advanced at least to this point, and had 
withdrawn, at some time before the lake was formed. 

The critical question is, of course, whether the till dates from the 
last glacial stage or from an earlier stage. The till is perfectly fresh 
and shows none of the cementation which characterizes deeply buried 
pre-Vashon tills elsewhere in the Puget area. There is no weathering 
between till and talus or between talus and clay. This is particularly 





Fic. 10.—View showing relations of South Fork till, talus, and lacustrine clay. The 
till-talus and the talus-clay contacts slope toward the stream, and the face of the bank 
cuts the till-talus contact in the middle of the photograph at a low angle. The actual 
thickness of talus between till and clay is therefore considerably less than the apparent 
thickness 


significant because the three members are parts of a continuous 
depositional sequence with no possibility of removal of a weathered 
rind from any of the members in the process of emplacement of the 
next overlying member. The absence of the remains of even the 
simplest types of plants at the till-talus or at the talus-clay contacts 
indicates that the interval between the deposition of these members 
was very short, for surfaces in comparable topographic situations 
at the present time are quickly overgrown by vegetation. 

The problem of the age of the till thus narrows down to a ques 
tion as to the length of the interval represented by upbuilding of the 
talus. That the talus could have, and probably did, accumulate in 
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a short period, measurable in a few tens or hundreds of years, is sug- 
gested by the precipitous slopes from which it was shed and by the 
very rapid rate of talus accumulation at the base of cliffs from which 
valley glaciers are now withdrawing in the Cascade Range. If the 
period of talus accumulation was short, the underlying till is clearly 
Vashon in age. Nevertheless, however remote, the possibility must 
be recognized that the upbuilding of the talus may have occupied a 
full interglacial stage. The writer’s conclusion that the till is Vashon 
is therefore tentative. 

If this age assignment of the till be correct, it appears that the 
South Fork glacier advanced during the Vashon stage at least to 
the point where the till occurs and that it had retreated at least 3 
miles (the distance to the up-valley end of the perfectly laminated 
clays) before lakeing of the valley. The talus, which also antedates 
the lake, was formed during this interval of retreat. Lakeing of the 
valley, signaled by the clays over the talus, registers the advance 
of the Puget Glacier to the valley mouth. 

These relations suggest that the South Fork local glacier had at- 
tained considerable length during an early phase of the Vashon gla- 
cial stage and that it was in full retreat at the time when the main 
Puget lobe was actively advancing from its Canadian source areas. 
The difference in time between the attainment of maximum extent 
of alpine glaciers, on the one hand, and a major lobe of a continental 
glacier, on the other, if demonstrated for the western Cascade front 
as a whole, would have a direct bearing on climates and on the nour- 
ishment of the two unlike types of glaciers in this region during the 
Pleistocene. Closely related to this problem is the remarkably small 
size of the Cascade trunk valley glaciers during the maximum stand 
of the Vashon Puget Glacier. These are evidently regional problems, 
and discussion of their theoretical aspects is deferred to the report 
mentioned in the introduction. 

It may occur to the careful reader that the fact that the Cedar 
valley glacier did not extend to the lower parts of the Cedar Valley 
during any part of the Vashon stage does not comport with the view 
that the South Fork glacier did occupy the lower portion of its valley 
during an early phase of the Vashon stage. These statements are not, 
however, incompatible, for the South Fork Valley drains a higher 
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and much more intensely glaciated part of the Cascade Range than 
the Cedar; and it is entirely reasonable to suppose that its trunk 
glacier was considerably larger than the Cedar glacier during any 
and all stages of glaciation. 


DEGLACIATION OF THE SNOQUALMIE EMBAYMENT 
DOWNMELTING FROM THE MORAINAL EMBANKMENTS 

It has been shown in earlier sections that meltwaters from the 
Puget Glacier discharged into the Snoqualmie-Cedar lakes and es- 
caped from them in ice-marginal channels during the upbuilding of 
the terminal moraines. That the drainage lines were marginal at 
the maximum stand of the ice and at the beginning of retreat is indi- 
cated by the fact that all three major streams began their postglacial 
incision at the extreme southern ends of the embankments which 
block their valley mouths (Figs. 1 and 5). The same relationship is 
seen in the minor streams draining Lakes Calligan and Hancock 
(LC and LH, Fig. 1), just north of the Snoqualmie embayment; it 
is repeated in every valley along the Puget-Cascade Mountain front, 
excepting only those in which impounded lakes found outlets to the 
south through low divides in the mountains remote from the eastern 
edge of the Puget lobe. 

That meltwater drainage continued to occupy marginal courses 
during downmelting from the terminal morainal embankments is 
indicated by the terrace forms which characterize the ice-contact 
slopes. A single broad terrace which interrupts the ice-contact face 
of the Middle Fork embankment is shown even by the 100-foot 
contours of the standard topographic sheets (Fig. 1). Details are 
best seen in the field on the face of the Cedar embankment, which 
is cleared of timber; they are accurately portrayed by 10-foot con- 
tours on the map reproduced here as Figure 3 and are discussed in 
the explanation accompanying the map. Some of the terraces may 
have been produced in part by accretion of morainal detritus against 
the embankment faces during retreatal stands. Concave interterrace 
scarps meeting in cusps, and some cross sections, prove that the 
greater number were cut into the earlier deposited drift of the em- 
bankments by meltwater floods flowing between the lowering ice 
front and the embankment faces. 
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The existence of vigorous marginal drainage along the Sno- 
qualmie-Cedar ice-contact slopes is of special interest because of its 
bearing on the condition of the Puget ice during the first stage of 
deglaciation of the Snoqualmie embayment. Marginal drainage im- 
plies a marginward slope of the ice surface and a relative absence of 
subglacial channels—conditions which are to be expected in active, 
as opposed to stagnant, ice. This deduction is confirmed by studies 
of Alaska glaciers before, during, and after the surge of advance be- 
tween 1899 and 1909, for von Engeln and others have shown that, 
in that region, marginal drainage was specifically associated with 
vigorous forward movement and was not present during earlier and 
later phases of quiescence or stagnation.’® The terraced and chan- 
neled form of the Snoqualmie-Cedar ice contacts and the complete 
absence of projecting crevasse fillings and other features character- 
istically associated with stagnant ice is here interpreted to mean that 
the Puget Glacier was active continuously or pulsationally during 
the period of downmelting from its terminal moraine. 

Terracing of the Cedar ice-contact slope during retreatal stands 
of the Puget Glacier may have a bearing on the cause of the failure 
of the Cedar reservoir, for scouring action by meltwaters in the 
process of terrace-cutting tended to thin, and locally may have re- 
moved completely, the relatively impervious till seal on the north 
face of the Cedar embankment. 


THE SALLAL MORAINE 
A broad, hummocky morainal ridge, parallel with but approxi- 
mately 500 feet lower than the embankment crests, partly encircles 
the eastern end of the Snoqualmie embayment (Fig. 1). It is here 


“c 


termed the “‘Sallal moraine,” from a name in local usage (Fig. 11). 
The absence of any notable difference in weathering of the materials 
comprising the Sallal moraine and those of the great terminal mo- 
rainal embankments indicates that there was no considerable lapse 
of time between the construction of these features. It is uncertain 
whether the Sallal moraine was built during a readvance of the 
Puget Glacier after a minor retreat or whether it is a recessional 

© Q. D. von Engeln, “Phenomena Associated with Glacier Drainage and Wastage,”’ 
Zeitschr, Gletscherk., Vol. V1 (1911), pp. 104-50. 
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Fic. 11.—Recessional stand or readvance of the Puget Glacier (Sallal substage). Note 
that the Cedar spillway was re-excavated, and the Middle and the South Fork lakes were 
drained before or during the Sallal substage. The Middle and the South forks may have 
flowed westward under the margin of the Puget Glacier rather than in the marginal course 
shown on the map. The course of the North Fork close against the mountain front was de 
termined by the position of the ice front during the Sallal substage (see North Fork, 


Fig. 12). 
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moraine formed by active ice during a retreatal stand of some dura- 
tion. In any case, it seems desirable to recognize a “‘Sallal substage”’ 
during the waning of the Vashon glacial stage. In contradistinction 
to it the period of maximum extent of the Puget Glacier, represented 
by the terminal morainal embankments, may be termed the “Em- 
bankment substage.”’ 

The mouths of the valleys of the two forks of the Snoqualmie 
were not blocked by the Puget Glacier during the Sallal substage. 
It is evident, therefore, that this substage does not enter into the 
sequence of events described in the valley of the South Fork of the 
Snoqualmie, namely, early advance of the South Fork valley glacier 
and its retreat for some distance before lakeing of the valley as a 
result of advance of the Puget Glacier into the valley mouth. In 
other words, it appears that the greatest Vashon extension of the 
South Fork local glacier occurred during an early phase of the Em- 
bankment substage of the Puget Glacier and that the local South 
Fork glacier was retreating at the time when the Puget Glacier 
attained its maximum extent. The Sallal substage of the Puget Gla- 
cier may correspond with a minor readvance or retreatal stand of the 
local glaciers suggested by bulky moraines lying in the Snoqualmie 
valleys far back in the interior of the Cascades. The early Vashon 
advance of the South Fork glacier (early Embankment substage of 
Puget Glacier) and the late Vashon stand of that glacier (Sallal 
substage of Puget Glacier) may be synchronous with the Leaven- 
worth and Stuart stages recognized by Ben M. Page in the We- 
natchee Valley on the east flanks of the Cascade Range." 


FINAL STAGE OF DEGLACIATION THE ORIGIN OF SNOQUALMIE FALLS 


In the Snoqualmie-Cedar area the Cascade Mountain front is 
bordered by a broad piedmont plateau at a general level of 1,000 
feet, contrasting markedly with the lower trough-drumloidal topog- 
raphy of the axial parts of the Puget lowland. The plateau appears 
to be a preglacial foothill belt now leveled by drift, through which 
protrude numerous roches moutonnées (Fig. 1). The Snoqualmie 


“Multiple Alpine Glaciation in the Leavenworth Area, Washington,” Jour. Geol., 


Vol. XLVIT (1939), pp. 785-815. 
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River flows northwestward across this belt in a valley made up of 
two unlike segments separated by Snoqualmie Falls. The upper seg- 
ment is the wide, flat floor of the Snoqualmie embayment, traversed 
by the river in looping meanders, standing 450-500 feet above sea- 
level or 500 feet below the level of the drift plateau. The river 
descends to the lower segment in a vertical drop across a ledge of 
early Tertiary basalt, the height of the falls being 268 feet, 100 feet 
higher than Niagara. 

These relations at once suggest, as contended by Bretz, that the 
drift plateau was formerly continuous along the mountain front 
and that the valley was produced by postglacial incision of the 
Snoqualmie, the falls resulting from local superimposition of the 
stream on a buried rock hill.*7 Deduced consequences of this hy- 
pothesis do not, however, match observed field relations. Had the 
flat floor of the Snoqualmie embayment been produced by down- 
cutting from the level of the drift plateau, it should be flanked by 
stream terraces cut in drift and rock-defended. The western part of 
the embayment flat is, in fact, bordered by glaciated rock hills still 
mantled in part by till; depressions among the hills show typical 
morainic topography or are irregular extensions of the valley floor 
of such form that they could not have been produced by the mean- 
ders of the Snoqualmie. It appears, therefore, that the embayment 
floor was produced by filling rather than downcutting in late glacial 
or postglacial time. The presence of over 250 feet of silt without 
pebbles in a well drilled in the town of Snoqualmie in the axial part 
of the valley flat 1 mile east of the falls supports this view and proves 
that the filling is lacustrine. Similar bedded clays and silts are well 
exposed in undercut banks on the south side of the lower Snoqualmie 
Valley segment west of the falls, where they terminate upward in 
rather extensive flats at the 500-foot level. The occurrence of lake 
sediments east and west of the falls is particularly significant, since 
it suggests that during the lacustrine stage the present separation 
of the valley into contrasted lower and upper segments separated 
at the falls did not exist (Fig. 12). 


Op. cil., p. 224. 


























Fic. 12.—The origin of Snoqualmie Falls. Snoqualmie Lake (SZ) in the lower 
trunk valley, was bisected by the fan-topped delta of Tokul Creek. On draining or 
filling of the lake, the trunk Snoqualmie River took a course around the distal edge of 


the delta and was superposed on a rock spur of the preglacial south valley side. 
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The steep scarp descending from the upper to the lower segment of 
the valley exposes a thick sequence of detrital deposits, largely sand 
and gravel, with the base less than 200 feet above sea-level. Bedrock 
outcrops at the falls at 500 feet and at a similar elevation in the 


southern 
in which 
from valley side to valley side, is everywhere deltaic; and radial dips 
in the foresets, as shown on Figure 1, identify Tokul Creek as the 
delta-building stream. The fan form of the surface of the delta, 
where not modified by later swinging of the Snoqualmie, slopes 
southward completely across the filled valley to the lip of the falls. 

These relations, taken together, indicate that during the last stage 
of deglaciation of the Snoqualmie-Cedar area a tongue of ice lay in 
the deep preglacial valley of the Snoqualmie River. The irregular 
trend of the valley and the absence of associated recessional mo- 
raines suggest that it was stagnant. This view is confirmed by the 
fact that similar valleys in adjacent areas, which, by chance, es- 
caped postglacial modification by through-flowing streams, retain all 
the distinctive features of ice stagnation. Melting of the ice tongue 
from the part of the Snoqualmie Valley here under consideration 
permitted the formation of a lake, with its water-level at 450-500 
feet. The lake was filled largely by bedded silts and clays, but the 
late glacial Tokul Creek built a sand-gravel delta which bisected it, 
producing a situation somewhat similar to that at Interlaken in 
Switzerland. When, finally, incision of the Snoqualmie into the la- 
custrine fill began, the stream assumed a course around the distal 
end of the fan-topped delta and was thus superposed on a rock spur 
of the preglacial south valley side. The river has since been fixed 
in position at this point; up-valley and down-valley it has swung 
widely, slicing away and terracing the Tokul deltaic deposits. At 
one stage in this process it narrowly escaped intercision with Tokul 
Creek, which would have withdrawn the river from the falls and 
permitted it to cut a deep trench in the flat floor of the Snoqualmie 
embayment up-valley. 

It should be noted that this explanation places the falls of the 
trunk Snoqualmie in a wholly different category from the falls and 
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Tokul Creek, 13 miles to the north, evidently mark the 
and northern limits of the preglacial Snoqualmie Valley 
these deposits lie. The structure of the fill, here exposed 
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gorges of the South Fork and the Cedar River. The latter streams 
were displaced from their preglacial valleys by ice directly and are 
associated with terminal moraines, while the trunk Snoqualmie was 
displaced by a late-glacial fan delta built by a tributary into a lake 
after complete withdrawal of the ice from the immediate vicinity. 
All cases of superposition and gorge-cutting of trunk streams along 
the Cascade-Puget Mountain front fall into either one of these two 


classes. 
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THE EFFECTS OF ABRASION ON THE SIZE, SHAPE 
AND ROUNDNESS OF ROCK FRAGMENTS 


W. C. KRUMBEIN 
University of Chicago 
ABSTRACT 


Earlier work on the abrasion of rock fragments in tumbling barrels is reviewed, and 
the main principles are summarized. Most earlier work concerned one or another aspect 
of abrasion without including interrelations among particle characteristics during wear. 
Experimental data are presented on size, sphericity, and roundness during abrasion, 
and the relative rates of size reduction, rounding, and shape change are determined. It 
is found that the coefficient of rounding is largest, the coefficient of shape change is 
intermediate, and the coefficient of size reduction is smallest. An analytical theory of 
abrasion is developed on the basis of the experimental data, and it is found that simple 
exponential functions yield at least first approximations to the size and shape aspects of 
particle wear. Rounding is a more complex process, controlled in part by the shapes of 
the particles. 

Geological applications of tumbling-barrel data are discussed, and it is emphasized 
that wear of rock fragments is only one aspect of the changes which sediments undergo 
during transportation. The selective effects of transportation, in terms of size, shape, 
and density, must be taken into account in any analysis of actual field relations. 


INTRODUCTION 

Numerous experiments have been conducted on the artificial 
abrasion of rock fragments, and the geological literature on tumbling 
barrels is moderately extensive. In many instances some particular 
aspect of particle wear was studied, but the writer is not aware of 
any general theory of the tumbling barrel in terms of the interrela- 
tions among size, shape, roundness, lithology, and rigor. 

The geological interpretation and application of abrasion studies 
are complicated by the presence of two very distinct effects in the 
natural transportation of sediments. The first is the actual wear and 
breakage of the particles en route, and the second is selective trans- 
portation. It does not necessarily follow, for example, that an ob- 
served decrease in average particle size along a stream is wholly due 
to abrasion, because it is possible that the smaller particles may have 
outstripped larger ones during transport. It cannot readily be de- 
termined from the observed data alone how much of the apparent 
size decrease is due to one or the other of these two effects. 

Abrasion and selective transportation may be separated in the 
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laboratory, and each one studied independently by experiment. A 
load subjected to wear in a tumbling barrel is free from selective 
transportation effects because the load retains its identity during the 
experiment. The tumbling barrel may thus be used in one aspect of 
the problem. The data of tumbling-barrel experiments may be sup- 
plemented by flume experiments in which the selective effects of 
transportation alone are considered. The relatively short distance of 
transport in flumes eliminates appreciable wear, so that selective 
transportation itself may be directly observed, in terms of its effect 
on size, shape, and other sedimentary characteristics under varying 
conditions. Combined data from tumbling barrel and flume should 
furnish a more satisfactory basis for the evaluation of field condi- 
tions of sedimentation, as well as lay the foundation for the recon- 
struction of ancient sedimentary environments. 

The present paper indicates some of the interrelations which exist 
among size, shape, and roundness during abrasion. The work is con- 
fined to particles in the pebble and cobble range under conditions of 
abrasion alone. It is understood that the generalizations advanced 
may not apply to smaller particles. A similar study of sand would 
probably demonstrate the influence of some factors which are negli- 
gible among larger particles, as well as eliminate other factors which 
may apply only to particles above some critical size limit. The loca- 
tion and study of transition zones between fields of operation of 
coarse-sediment laws and fine-sediment laws constitutes in itself a 
major field of investigation. 


REVIEW OF TUMBLING-BARREL STUDIES 

A number of papers which discuss tumbling-barrel data are con- 
fined to small particles. For the present paper, studies of coarse 
particles are more pertinent. The earliest application of the tum- 
bling barrel to geological problems was made by A. Daubrée.’ His 
apparatus consisted of a horizontal axis and frame, to which four 
iron or stone jars were fastened. During operation the jars were 
given a combined rotation and revolution. In most of his experi- 
ments Daubrée’s barrel had a rotation equivalent to about 2 miles 
per hour. 


' Etudes synthétiques de géologie experimentale (2 vols.; Paris: Dunod, 1879). 
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Among the principles which Daubrée discovered, the following are 
most important for the present study: 

1. Angular particles in the pebble range (‘“‘fist-size to nut-size’’) become round- 
ed very rapidly; even granite and quartz particles are thoroughly rounded 
after movement equivalent to 25 km. 

2. The rate of wear is noticeably more rapid for angular than for well-rounded 
particles. 

3. The rate of wear is more rapid for large than for small particles. 

4. The rate of wear is greater for nonresistant than for resistant particles (i.e., 
feldspar wears more rapidly than flint). 

5. The rate of wear is a function of the rigor of the process. (This principle for 
large particles is implied rather than explicitly stated.) 

6. Wear may be due either to abrasion or to breakage; the effects of the two are 
not the same. 

7. The product of abrasion is almost entirely mud rather than sand. 


oo 


. The apparent decrease in size of particles along natural streams is not due 
entirely to wear; selective transportation is also involved. 

The next comprehensive study of abrasion, as far as the writer is 
aware, was made by C. K. Wentworth in a series of papers’ dating 
from 1919 to 1931. In his first paper Wentworth pointed out that 
the fundamental characteristics of sedimentary particles are their 
size, shape, surface texture, and lithologic composition. He empha- 
sized that a number of factors control the changes which occur in 
size, shape, and surface texture during abrasion, although it is not 
explicitly stated that each factor applies to all three characteristics: 
Size of particle 
Angularity 
Kind of rock 


51ze me ; : 
: ; Kind of motion 
Shape Controlled in part by é' 
; . Violence of motion 
Surlace texture : 
Distance 
Size of associated particles 


Number of associated particles 
Wentworth’s realization of these interrelations led to the impor- 
tant conclusion that each relation could be studied independently by 
4“A Laboratory and Field Study of Cobble Abrasion,” Jour. Geol., Vol. XXVII 
(1919), pp. 507-22; ““The Shapes of Pebbles,” U.S. Geol. Surv. Bull. 730 (1922), pp. 91 
102; “A Field Study of the Shapes of River Pebbles,” U.S. Geol. Surv. Bull. 730 (1922), 


pp. 103-14; “Pebble Wear on the Jarvis Island Beach,” Washington Univ. Studies 


Sci. and Tech. No. 5 (new ser., 1931), pp. 11-37 
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experiment. Wentworth himself studied several. His early experi- 

ments were conducted in a metal drum lined with soft wood. This 

apparatus was subsequently modified several times, and the latest 

variation’ was a much improved gear-driven abrasion mill with a 

water feed which circulated clean water through the drums. 

Several of Wentworth’s numerous contributions to the theory of 
abrasion are of particular interest here: 

1. The fundamental characteristics of sediments which change during abrasion 
are size, shape, and surface texture. 

2. Factors which control the changes in sedimentary characteristics during 
abrasion include, among others: size, angularity (roundness), kind of rock, 
violence (rigor) of the abrasive process, and distance. 

3. Roundness as a function of distance transported is represented by a graph 
which rises rapidly at first and then more gradually. In exceptional instances 
roundness may even decrease after reaching a maximum value. 

4. Size as a function of distance is a negative exponential function. (This is im- 

plied in Wentworth’s 1931 graphs, although the relation is not expressly 

stated. In his 1919 paper the relation was shown as a nearly linear function.) 

Roundness may be a function of size as well as of hardness. In Wentworth’s 

Russell Fork paper (1922) the relation suggests a power function. 


un 


The third important contributor to tumbling-barrel theory is P. 
Marshall, who published a series of papers on the subject‘ from 1927 
to 1929. Marshall confined his studies to natural beach sediments 
which were subjected to abrasion in a Deval machine with iron 
cylinders inclined 30° to the horizontal axis. During each revolution 
the particles fell several inches and slid the length of the cylinder. 
The particles moved with a speed equivalent to about 1 mile per 
hour. 

Marshall found that a load of 5 kg. of natural beach gravel, abrad- 
ed for 360 hours, lost 21.25 per cent of its weight and yet displayed 
no noticeable change in sorting. 

Further study of Marshall’s original data, in terms of the statistical parame- 
ters of the size distribution, verifies the negligible change in the sorting. The 
log standard deviation, a4, was found to be 0.95 at the start of the experiment, 
and 0.87 after 360 hours. Physically this means that initially there were 1.90 


} “Pebble Wear on the Jarvis Island Beach,” op. cit. 
+“The Wearing of Beach Gravels,” Trans. New Zealand Inst., Vol. LVIII (1927), 
pp. 507-32; “Colloid Substances Formed by Abrasion,” ibid., Vol. LIX (1928), pp 
609-13; “Beach Gravels and Sands,” ibid., Vol. LX (1929), pp. 324-65. 
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Wentworth grades in the central part of the size distribution, whereas at the end 
there were 1.74 Wentworth grades in the same central portion. Thus the sorting 
improved only very slightly during the experiment. Moreover, the geometric 
mean diameter proved to be 15.5 mm. both at the beginning and end of the 
experiment, so that no apparent change occurred in the mean size of the distribu- 
tion. Finally, the skewness of the distribution was essentially negligible during 
the experiment. Marshall’s work thus showed that under some conditions of 
abrasion there may be no significant changes in any of the three main size 
parameters of the sediment. 

A similar analysis applied to intermediate stages of the experiment showed 
essentially the same parameters throughout, with minor non-systematic fluctua- 
tions. Marshall himself stresses the stability of the proportions in the several 
size grades, and it seems reasonable that his interpretation of the development 
of equilibrium proportions under conditions of abrasion is sound. The use of 
natural beach gravel probably means that the equilibrium stage had been 
reached by the time the sample was taken, and the movement of the machine 
was not sufficiently unlike natural movement to destroy the effect. 


In addition to his findings for beach gravel, Marshall sharpened 
the terminology of particle wear by defining the terms “abrasion,” 
“impact,” and “grinding.”’ “Abrasion” is defined as the mere rub- 
bing of pebble against pebble; ‘‘impact”’ is the effect of definite blows 
of relatively large pebbles on others, relatively small; and “‘grinding”’ 
is the crushing of small grains by the continued contact and pressure 
of pebbles of relatively large size. Wentworth discussed these terms*® 
and suggested that the general term “‘wear”’ be used to include all 
three. In the present paper these definitions are accepted, although 
the writer agrees with Wentworth that no restrictions should be 
placed on the relative sizes of the pebbles involved in impact. Im- 
pact may, in fact, be caused on particles by others of smaller size. 

Among other contributions by Marshall was a substantiation of 
Daubrée’s earlier findings that mud, rather than sand, is the main 
product of abrasion. A summary of several of Marshall’s findings 
follows: 

1. The wear of particles may be divided into three separate processes: abra- 
sion, impact, and grinding. 

2. During abrasion a mixture of various-sized particles tends to approach equi- 
librium proportions among the several sizes present. 





5 “Pebble Wear on the Jarvis Island Beach,” op. cit. 
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3. After equilibrium is approached, prolonged abrasion on a frequency distribu- 
tion of particles may not significantly change the parameters of mean size, 
degree of spread, or skewness. 

4. If a sample of gravel contains an appreciable amount of fine material (under 
about 4 mm. diameter), the smaller particles are crushed to silt and finer ma- 
terial, and the mean size of the remaining gravel may actually increase with 
abrasion. 


Within recent years A. Schoklitsch® published a fairly exhaustive 
study of pebble abrasion in terms both of artificial wear in tumbling 
barrels and natural wear along streams. As early as 1914 he’ had 
made experiments which substantiated Sternberg’s law of size re- 
duction, and in the more recent paper this work was extended to 
other aspects of abrasion theory. Sternberg’s law is important in the 
present development, and it may be briefly described here. Stern- 
berg® showed in 1875 that the weight of a pebble decreases exponen- 
tially during abrasion, in accordance with a function of the type 


where w is the weight at any distance s, w, is the initial weight of the 
pebble, e is the base of natural logarithms, and a is a coefficient of 
size reduction, a constant under given experimental conditions. 

In his earlier work Schoklitsch used a stationary tub in which a 
stream of water entered from the side and swirled the pebbles 
around. A smaller cylinder in the center, concentric with the outer 
walls, was used for overflow. In his later study Schoklitsch used a 
tumbling barrel 0.7 meter in diameter, which rotated on a central 
shaft. The pebble or fragment to be observed was placed in the 
barrel with about 2 liters of finer gravel and enough water to cover 
the load. Observations were made on the single test pebble, but 
during wear it was part of the general load. 

The first use of the barrel was to resubstantiate Sternberg’s law 

6 Uber die Verkleinerung der Geschiebe in Flussliiufen,” Sitsungersber. d. Akad. d. 
Wissensch. in Wien, Vol. CXLII, Part Ia (1933), pp. 343-06. 

7 Uber Schleppkraft und Geschiebebewegung (Leipzig, 1914), p. 12 
8 Reference cited by Schoklitsch as Zeitschr. f. Bauwesen, Vol. XXITX (1875), p. 483. 
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in refutation of work by F. Diill,? who sought to show that the 

abrasion law was a power function. Schoklitsch’s detailed experi- 

mental data leave no doubt of the essential validity of Sternberg’s 
law. Among the numerous factors studied by Schoklitsch, the fol- 
lowing are of principal interest here: 

1. Sternberg’s law is valid during abrasion and may be expressed not only in 
terms of weight but also approximately in terms of volume or length for given 
pebbles. 

2. The coefficient a of Sternberg’s law is a constant for a particular kind of rock 
under given conditions, but it varies as the fourth root of the velocity of 
movement of the tumbling barrel. 

3. The abrasion of a particle is controlled in part by the size distribution of the 
material with which it is associated. An increase in the mean size of the asso- 
ciated material causes a linear increase in the coefficient a. 

4. Wear by impact (breakage) is more rapid than wear by abrasion; in some in- 
stances more than ten times as great. 


RELATIONS AMONG SIZE, SHAPE, AND ROUNDNESS 
DURING ABRASION 

The literature reviewed above contains abundant experimental 
data on certain aspects of abrasion, but none seems to be available 
on the interrelations among size, shape, and roundness during 
abrasion. To investigate these subjects a load of rock fragments was 
abraded for varying intervals of time, and after each interval 
measurements were made of the size, sphericity, and roundness of 
each of the particles. 

The tumbling barrel used in the experiment is illustrated in Figure 1. It 
consists of a metal oi] drum, 18 inches in diameter and 21 inches long. ‘The drum 
is lined with oak flooring, including the ends, which have circular openings offer 
ng access to the interior during operation. The inside diameter of the barrel is 
16 inches. One end of the drum is removable; during operation it is held in place 
with a metal clamping ring. The barrel has two reinforcing flanges which are 
used for driving and guiding it. The barrel is mounted on two horizontal shafts 
with wheels which fit the flanges. One of the shafts drives the barrel, and the 


other is an idler. The power is transmitted through a countershaft which per 


mits four speeds by means of step-cone pulleys. The pulleys are connected by 
rubberized V-belts. The motor used is { horsepower, 110 volt A.C., operating 
at 1,750 r.p.m. This speed is reduced so that the barrel operates at 21 r.p.m. at 

Das Gesetz des Geschiebeabriebes,” Mitt. a. d. Geb. d. Wasserbaues u. d. Bau 


grundforschung, Vol. 1 (Berlin, 1930 
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its lowest speed. This speed was used in the experiment to be described; it 
corresponds to a motion of about 1 mile per hour. Driving torque was greatly 
improved by placing rubber strips over the driving wheels, and loads of 5 kg., 
including several liters of water, were handled effectively by this drum. The en- 
tire apparatus is mounted on a rigid framework of 2X6 timber. A revolution- 
counter is attached to the shaft as a check on the operation of the drum. 


The load used in the experiment consisted of a selected set of 
twenty-seven limestone fragments obtained from a commercial 





Fic. 1.—Tumbling barrel used in abrasion experiment 


crusher, which assured a high angularity in the fragments. The 
fragments were selected for size, and within the size class a limited 
range of sphericities was chosen. The selection by size was by siev- 
ing within one W interval, from 45 to 54 mm. diameter. (This 
is equivalent to one @/4 interval, from —5.75 to —5.50.)'° The 
average sphericity of the fragments was 0.65, the average roundness 
was 0.13, and the arithmetic mean pebble weight was 155 gm. The 
appearance of the original set of pebbles is given in Figure 2, upper 
left, photographed before the experiment was begun. 

The twenty-seven fragments were placed in the tumbling barrel 

‘oW. C. Krumbein and F. J. Pettijohn, Manual of Sedimentary Petrography (New 
York: D. Appleton—Century Co., 1938), chap. iv 
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with sufficient water to keep the load covered during the operation, 
and the barrel was run for 10 minutes. The fragments were then re- 
moved, washed, dried, and all measurements were repeated. The 





Fic. 2.—Limestone fragments at various stages of abrasion. Upper left, original 
fragments; upper right, 0.5 mile; left center, 1.0 mile; right center, 5 miles; lower left, 9 
miles; lower right, 20 miles 


experiment was continued with intervals of varying magnitude as 
the experiment progressed; in all, a total running time of 20 hours 
was used, which carried the experiment beyond the point where the 
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arithmetic mean weight of the pebbles was reduced to half its 
original value. Fourteen sets of data were obtained. 

During the experiment the fine material which resulted from the 
abrasion was collected and examined. Daubrée’s and Marshall’s ob- 
servations of the production of mud were amply substantiated, but 
in the first two runs a number of limestone chips were also found. 
These were interpreted as impact breakage due to weaknesses from 
crushing in the original pebbles which could not be detected by eye. 


TABLE 1 


IE-XPERIMENTAL VALUES ON LIMESTONE FRAGMENTS 


Wise te a Arithmetic Arithmetic Arithmetic 

: Mean Weight Mean Mean 
Minutes in Miles : 

in Grams Roundness Sphericity 
° 0.00 Iss 0.13 0.05 
10 0.17 150 26 66 
20 0.33 148 38 67 
30 0.50 140 44 67 
60 1.00 140 50 68 
120 2.00 131 55 09 
180 3.00 124 56 70 
240 4.00 1158 55 71 
300 5.00 113 59 72 
420 7.00 106 60 73 
540 g.00 98 oI 74 
720 12.00 85 61 75 
g6o 16.00 73 03 70 
1,200 20.00 60 0.64 0.77 


With the exception of these initial effects, it appeared that abrasion 
alone was operative during the main part of the experiment. 

The qualitative results of the experiment are shown in Figure 2, 
which illustrates the load after various distances of transport. These 
photographs show that rounding occurs rapidly, and at the end of 
the 20 hours the fragments have the appearance of well-rounded 
pebbles. The relative sizes of the pebbles during the experiment are 
correctly shown in the photographs, which are all to the same scale. 

Table 1 lists the experimental data. The arithmetic mean particle 
weight was computed by dividing the total dry weight of the par 
ticles after each run by their number. The roundness was obtained 
by measuring the fragments after each run according to the method 
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of Wadell"' and computing the arithmetic mean. The sphericity of 
each particle was measured by the standard-volume method” and 
the arithmetic mean computed. The choice of parameters used in 
presenting the data is one of convenience. 

Figure 3 shows the results of the experiment graphically. The 
curve of arithmetic mean weight (size) descends rapidly from its 
initial value of 155 gm., but the curve shows a continuously decreas- 
ing slope as distance increases. The graph of roundness rises rapidly 
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Fic. 3.—Size (weight), roundness, and sphericity of limestone fragments as func 


tions of distance during abrasion. 


from its initial value but flattens noticeably beyond the first 3 or 4 
miles; toward the end of the experiment there is practically no 
further increase in rounding. Sphericity shows only a slight change 
during the entire experiment. From an initial value of 0.65 the 
graph rises moderately rapidly during the early part of the experi- 
ment, but during the later stages there are no marked changes in the 
numerical values. 

The experimental data present several suggestions regarding the 
nature of the changes which take place during abrasion. It seems 
fairly clear that size will be continuously reduced until ultimately 


1t Tbid., chap. xi. 2 Thid. 
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the particles will be worn away. On the other hand, although the 
roundness and sphericity increase continuously during the experi- 
ment, there is a strong suggestion that they approach limiting values 
which may depend upon certain initial values. That is, a pebble 
with noticeably different values of its three size axes may never 
reach the value 1.00 for either its roundness or sphericity. Mathe- 
matically this may be expressed by saying that the roundness and 
sphericity approach asymptotes which depend in part upon initial 
size or shape or both. In some instances the value of the asymptotes 
may be 1.00 for both roundness and sphericity; in other instances 
neither may reach this value, nor need the two asymptotes have the 
same value. Within the range of the present experiment roundness 
appears to approach an asymptote slightly higher than 0.64, and 
sphericity approaches an asymptote slightly above 0.77. In contrast 
to both the roundness and sphericity curves, which flatten very ap- 
preciably during the later stages of the experiment, the size curve 
continues to descend in a broad sweep. Thus, zero is the most likely 
asymptote approached by size." 

When experimental data yield curves which seem to approach 
asymptotic values, a convenient manner of comparing the rates of 
change of the several variables is by means of so-called “half- 
values.” For example, the initial arithmetic mean weight of the 
fragments is 155 gm. On the assumption that the asymptote of 
the size curve is zero, the half-value is 77.5 gm. This value is reached 
in approximately 14 miles, which defines the “‘half-distance,” or that 
distance over which the original value is reduced by half. In similar 
manner, the initial roundness is 0.13, and the final observed value is 
0.64. As a first approximation assume that the final value is near 
the asymptote. Then the half-value is the initial value plus half the 
difference between the first and last values: 0.13 + (0.64 — 0.13) 
2 = 0.385. The roundness curve reaches the value 0.385 in approxi- 
mately o.4 mile, which may be taken as the half-distance of the 

13 The asymptotes approached by the curves in any experiment depend in part upon 
the total distance covered. In other experiments by the writer, extending over varying 
distances of abrasion, the roundness and sphericity curves continue to rise very slowly, 
in marked contrast to their abrupt rise in the early stages of the experiment. The size 


curve shows no corresponding flattening. 
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roundness curve. Finally, on the assumption that sphericity ap- 
proaches an asymptote near the final value of 0.77, the half-value is 
0.65 + (0.77 — 0.65)/2 = 0.71. This value is reached by the sphe- 
ricity curve at a distance of approximately 4 miles. The reciprocals 
of the half-distances may be used directly as coefficients. Thus, 
k, = 1/14 = 0.071 may be interpreted as the size coefficient, k, = 
1/0.4 = 2.5 may be interpreted as the rounding coefficient, and 
k, = 1/4 = 0.25 may be taken as the coefficient of shape change. 
In order to compare the rates at which size, sphericity, and round- 
ing occur, one may express the coefficients as ratios. Then the ratio 
k,/k, expresses how much more rapidly roundness reaches its half- 
value than size reaches its own half-value. The resulting number 
may be interpreted physically as the ratio of the rate of rounding 


to the rate of size decrease. In the present instance k,/k, = 2.5 


0.071 = 35, which indicates that in this experiment rounding pro- 
ceeds 35 times as fast as size decreases. Similarly, the ratio k,/k, = 
0.25/0.071 = 3.5, indicates that sphericity change proceeds 3.5 


times as fast as size reduction. Finally, the ratio k,/k, = 2.5/0.25 = 
10 means that rounding proceeds ro times as rapidly as sphericity 
change. 

An apparent difficulty in applying these ratios to the entire ex- 
periment can be brought out by a further comparison. At the end 
of the 0.4 mile which represents the half-distance of rounding, the 
arithmetic mean weight of the pebbles has dropped only 6 per cent 
of its original value. This means that an appreciable increase in 
rounding may occur with an essentially negligible decrease in size. 
After the roundness curve loses its steepness, however, the apparent 
relations between size and rounding change considerably. That is, at 
the point where the roundness curve begins to flatten appreciably 
(between 2 and 3 miles), the weight has dropped only between 15 
and 20 per cent. Thereafter the roundness increases only relatively 
slightly to 0.64, whereas the weight drops to about 40 per cent of the 
original weight. Thus, after the first rapid increase of rounding, size 
reduction may apparently take place relatively more rapidly than 
roundness increase. Actually, however, it may be shown that the 
several ratios remain constant during the experiment. Relations of 
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this kind between two or more variables are frequently encountered 
in certain kinds of exponential functions. 

Although one cannot safely generalize from the limited data at 
hand, the experimental findings agree with what one may theo- 
retically expect during abrasion, on the basis of qualitative reason- 
ing alone. An angular pebble subjected to abrasion will increase 
noticeably in roundness when the sharpest corners are only slightly 
worn, whereas the effects of removing such corners from the pebble 
will not affect either the size or the shape to any significant extent. 
Thus it seems reasonable to expect that a fragment may become 
moderately well rounded without any appreciable effect on size or 
shape. 

The concept of shape distinct from roundness is rather new, and 
many earlier descriptions of roundness were actually descriptions 
of shape, and vice versa. The stability of shape of stream and beach 
pebbles has been observed by numerous workers, who refer to the 
general triaxial form of the one and the disklike form of the other. On 
the whole, therefore, it seems likely that the shape may change only 
relatively slightly during abrasion, and that the end product will, in 
general, show traces of the original inherited form. 

In special instances an opposite effect may occur. A homogeneous 
sphere with roundness and sphericity each equal to 1.0 will continu- 
ously decrease in size with no change of shape or roundness. Like- 
wise a cube with an initial roundness of zero and a moderate sphe- 
ricity will approach a true sphere in shape and roundness as abrasion 
proceeds and thus lose both its original form and angularity. Natural 
rock fragments are generally triaxial in shape, however, so that the 
combined effects of abrasion and selective transport tend to yield 
characteristic pebbles in many instances. 

A cube furnishes an excellent example to illustrate the relative 
effects of rounding and size change during early and later stages 
of abrasion. The cube may be just too large to pass through a given 
sieve. That cube may be rounded almost to a sphere without falling 
through the sieve. In terms of usual methods of measuring size, 
therefore, there may be no apparent change in sieve data over a con- 
siderable range of rounding. In fact, in order to reduce a cube to a 
sphere small enough to fall through a sieve interval of one Went- 
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worth grade, the weight must be reduced by approximately go per 
cent. This is apparent when one recalls that the ratio of the vol- 
umes of two spheres with radii 1 and 3 is 8:1. Hence, seven-eighths 
of the original sphere must be removed to halve the radius. After 
rounding has essentially reached its limiting value under given con- 
ditions, it is reasonable to assume that, whereas size will continually 
decrease, the roundness will remain approximately constant. 


Wentworth’s original experiment on rounding's was conducted with cubes, 
and although he does not furnish data on size and sphericity, his results may be 
used for a qualitative comparison with the writer’s data. Wentworth’s defini- 
tion of roundness is not the same as that used here, because he measured the 
ratio of the sharpest corner on a pebble to an intercept, whereas the method 
of Wadell involves the ratio of the average curvature of the edges to a mean in- 
tercept. Nevertheless, the two concepts are similar geometrically and may be 
compared. In Figure 26 of Wentworth’s paper the roundness history of four 
marble cubes is shown. The particles increase in roundness from o to 0.862 in 
209 miles. The general curve resembles that of Figure 3 of this paper, except 
that the particles decrease in roundness after the 209-mile point.'' The half 
value of rounding is 0.431, which is reached in approximately 22 miles. Went 
worth includes photographs of his cubes during abrasion, and these permit an 
estimate of the half-distance for size. The volume of a sphere circumscribed by 
a cube is 0.525 of the volume of the cube, so that the weight of the sphere is 
slightly more than half that of the cube. An inspection of Wentworth’s photo 
graphs shows that at 94 miles the cubes have become roughly spherical, with a 
diameter approximately equal to an edge of the cube. As a first approximation, 
go miles may be taken as the half-distance for size. This yields the coefficient 
k 1/go = 0.011 for size and k, 1/22 0.045 for rounding. Hence the ra 
tio k,/k 0.045/0.011 4.1, indicating that rounding proceeded more rapidly 
than size reduction. The marked difference in the numerical value of this and 
the writer’s ratio lies partly in the different methods of expressing roundness. 

Wentworth’s photographs also furnish some clue to the change in sphericity 
during abrasion. The calculated sphericity of a cube is approximately 0.7: in 
spection of the photographs shows that the cubes do not become true spheres 
during the experiment but reach a value very close to 1, say 0.95. The half-value 
between 0.70 and 0.95 is 0.825. From the photographs of the cubes at 31 and 
54 miles, it is found that the projection sphericities of the cubes are roughly 0.8 


and o.g, so that again as a first approximation, the half-distance of sphericity 


may be taken at 40 miles. Hence the coefficient of shape change is / 1/40 
0.025. The various ratios accordingly are: k,/k, = 4.1 is the size-roundness 
\ Laboratory and Field Study we op. cil 


5 The point is discussed briefly in the appendix at the end of this paper 
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ratio, k;/k,; = 0.025/0.011 = 2.7 is the size-sphericity ratio, and k./k; = 
0.045/0.025 = 1.8 is the roundness-sphericity ratio. These ratios suggest that 
the rate of rounding is about four times as fast as size reduction, and about twice 
as great as shape change. Shape change, in turn, is about twice as rapid as size 
reduction. The relative order of these rates of change agrees with the writer’s 
experiment. 

Although the exact numerical values of tumbling-barrel data can- 
not be applied directly to conditions in nature, the general order in 
which the several ratios occur should be approximately the same. 
Wentworth has discussed the general similarity of artificial abrasion 
studies to natural phenomena and has shown that the general nature 
of the rounding curves found agrees well with natural instances." 
The writer has also observed such instances. The roundness curve of 
stream pebbles in San Gabriel Canyon, California,’’ agrees in gen- 
eral with Wentworth’s findings, and in a study of beach pebbles'* 
it was found that, over a limited distance at least, the size decrease 
of the pebbles was of the type indicated by the present experimental 
data. Schoklitsch” also has found natural size changes along streams 
in agreement with experimental curves. 


ANALYTICAL THEORY OF ABRASION 

A complete theory of particle wear involving impact, grinding, 
and abrasion as they affect all possible sizes and kinds of particles 
is at present essentially impossible because of lack of sufficient 
knowledge of the physical processes involved and because of the 
limitations of mathematical analysis when a large number of vari- 
ables is present. It is possible, however, to carry the analysis beyond 
present experimental bounds. This is particularly true for simple 
situations involving uniform conditions of rigor in the wearing 
process and for particles of identical size, shape, roundness, and 
lithology. Moreover, by confining attention to abrasion alone com- 
plexities introduced by other wearing phenomena are eliminated. 

© “A Field Study ,” op. cit 

17 W. C. Krumbein, “Flood Gravel of San Gabriel Canyon, California,” Bull. Geol 
Soc. Amer., Vol. LI (1940), pp. 639-76 

'®W. C. Krumbein, “Sediments and Exponential Curves,” Jour. Geol., Vol. XL\ 
(1937), PP- 577-601 


‘9 “Uber die Verkleinerung »” op. cit 
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Generalized abrasion curves. 
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In developing an elementary theory to account for the observed 
experimental data, idealized versions of the data may be used. 


Figure 4 (top) shows the 
curve of size, r, descending 
steeply at first and then 
more gradually as distance 
s increases. An ordinate 
has been erected at s, rising 
to size r. Inasmuch as the 
curve starts at some initial 
size 79, and the curve de- 
creases in slope as r be- 
comes smaller, one may 
make the assumption that 
the rate of change of size 
with respect to distance, 
dr/ds, is proportional to the 
size r of the particle at any 
point. This is essentially 
the approach used by Stern- 
berg in 1875. It yields the 
differential equation 


dr 


-_ (1) 


where da, is a constant of 
proportionality and the 
negative sign indicates that 
the size decreases. 

In an earlier paper” the 
writer developed an elemen- 
tary theory of rounding, 
based on the observation 


that sharp edges and corners on pebbles are abraded more readily 
than blunt edges. This suggests that rounding is more rapid when 
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the particle is angular and slows down as the limiting value of round- 
ness is approached. Mathematically one may assume that the rate 
of change of rounding with respect to distance, dP/ds, depends upon 
how far removed the roundness is at any instant from its final limiting 
value. This concept is illustrated in Figure 4 (center) where the curve 
of roundness, P, rises from its initial value P;, rapidly at first and 
then more slowly toward its asymptote P,. At point s an ordinate 
has been drawn, the solid portion of which represents the difference 
between the asymptote and the curve at that point; that is, the length 
of the solid line is (P, — P). By setting the rate of change of rounding 
proportional to this difference, the following differential equation is 
obtained: 

A = a,(P, — P), (2) 
where a, is a constant of proportionality. 

The observation that the sphericity curve of Figure 3 also ap- 
proaches an asymptote is indicated in Figure 4 (bottom). The spheric- 
ity starts at some finite value VY; and approaches the asymptote V, as 
distance increases. As with roundness, one may assume that the 
rate of change of sphericity with respect to distance, dW/ds, is pro- 
portional to the difference between the curve and the asymptote at 
any point. This difference is (¥, — YW), as shown by the solid part of 
the ordinate at s in Figure 4 (bottom). It is also reasonable to suppose 
that the sphericity change will be greater with particles of low sphe- 
ricity than with particles of high sphericity. This reasoning yields a 


differential equation as follows: 


dv 


qs ~ ae —¥), (: 


w 
— 


where a; is a constant of proportionality. 

Equations (1)—(3) are standard forms which yield readily to inte- 
gration. Details will be omitted here, because the solutions can be 
found in almost any reference book on differential equations. One 


intermediate step is given for later reference. The respective solu- 
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tions of the three equations assume the intermediate forms shown 


below: 
r 
= @e 4:9 . (4) 
To 
(P, — P) me ° 
sa" (s) 
(vy, — WV) 
= ¢  S; ( 
-¢s ”* (0) 


with the following boundary conditions: when s = 0, r = ro, P = 
P;, and ¥ = W;. In the form given in equations (4)—(6), the three 
variables behave as negative exponential functions. These expres- 
sions may be solved for the dependent variables directly, yielding 
the following standard forms: 


fuze %e . (7) 
P = P,(1 — e-*) + Pie, (8) 
VY = V,(1 — e773") + V,e73s" . (9) 


In the writer’s earlier discussion of a theory of rounding,” the 
initial roundness was assumed to be o. In the general case this may 
not be so, and equations (5) and (8) were developed with this in 
mind. The resulting expressions are accordingly somewhat more 
complicated than the earlier form. 

The graphs of equations (7) and (g) are shown in Figure 4. The 
constant a, determines how rapidly the size curve drops; it may be 
called the ‘‘coefficient of size reduction’’; and its value depends, as 
Schoklitisch has shown, on the nature of the rock, the rigor of the 
process, and on other factors. The constant a, may be called the 
“coefficient of rounding’’; its value may depend not only on rock 
type and rigor but also on size and shape. Similarly, a, may be 
called the ‘coefficient of shape change’’; its value will depend upon 
various factors also. For any given kind of rock, under given condi 
tions, the several a’s should be constants, but it need not be true 
that a, a, (3. 


Ibid 
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The general agreement in appearance of the curves in Figure 4 
with the experimental data is not sufficient to warrant the conclusion 
that the theory is acceptable. Fortunately, there are relatively 
simple methods of testing the theory by means of equations (4)—(6), 
which represent transformed statements of the final equations shown 
in Figure 4. If the quantities on the left-hand side of equations (4) 
(6) are plotted on a logarithmic scale against distance on an arith- 
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Fic. 5.—Graphic test of abrasion theory (data from Table 2) 


metic scale, the graphs will be straight lines descending to the right. 
Hence, if the theory holds, the experimental data plotted in a similar 
manner should yield straight lines, with slopes proportionate to the 
respective values of their coefficients. Figure 5 shows the result, 
based on Table 2. In compiling the table, values of ro, Pi, Po, Vi, 
and W, were chosen from the experimental data. The initial weight, 
155 gm., was taken as ro, and the values r/r, in Table 2 represent the 
ratios of successive weights to this intial weight. The initial round 
ness, P;, was taken as 0.13 from Table 1, and the limiting roundness, 
P., was chosen as 0.65, which is 0.01 larger than the final observed 
value of roundness. Similarly, ¥; was chosen as 0.65, to correspond 
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with the initial sphericity, and V; was taken as 0.78, which is 0.01 
larger than the final sphericity value observed. 

It is obvious that the points shown on Figure 5 do not fall on 
straight lines throughout their entire extent. Both the size and 
shape curves show an initial departure from a straight line, but after 
the first half-mile the agreement with theory is good. Roundness, 
on the other hand, shows a marked departure from a straight line for 


TABLE 2 


TRANSFORMED SIZE, ROUNDNESS, AND SPHERICITY 
DATA ON LIMESTONE FRAGMENTS 


SIZE 
(WEIGHT ROUNDNESS SPHERICITY 
DISTANCE IN GRAMS) 
IN MILES 
5 

| Po—P Yo-¥ 

| #/ro P Po—P : Vv Wo-V¥ “ 

| Po—P; | | Vo—V¥; 

| -_ 

0.00 1.00 0.13 0.52 1.00 | 0.65 | 0.13 1.00 
0.17 0.97 26 39 ©.75 66 12 0.92 
©. 33 0.95 38 27 0.52 67 II 0.385 
©o.50 ' 0.94 44 21 ©.40 67 II 0.85 
1.00 °.go 5° 15 0.29 68 10 0.77 
2.00 0.85 55 10 °.19 69 og 0.69 
3.00 0.80 56 og 0.17 70 08 | 0.62 
4.00 0.76 .58 07 0.135 71 07 | 0.54 
5.00 0.73 59 06 0.115 72 06 0.46 
7.00 0.69 60 05 °.096 73 05 0.38 
9.00 0.63 oI O4 0.077 74 04 0.31 
12.00 0.55 61 O4 0.077 75 03 0.23 
16.00 0.47 63 02 0.038 76 02 0.15 
20.00 °.39 0.64 0.01 ©.019 0.77 0.O1 0.077 


the first 2 or 3 miles, after which the straight line is essentially 
parallel to the sphericity line. These data permit a tentative ac- 
ceptance of the theory after an initial period of adjustment. It is 
necessary to examine the initial departures more closely to see 
whether they are significant. 

The size-reduction curve is a direct statement of Sternberg’s law 
applied to a group of particles instead of to a single particle, and the 
rariable r is expressed as the arithmetic mean pebble weight. 
Schoklitsch has shown that Sternberg’s law applies to single particles 
under abrasion, but that when breakage occurs the weight departs 
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from the simple theory. In the present experiment breakage was 
known to occur during the first half-hour of the experiment, and it 
seems reasonable to attribute the scattering of points during the 
initial stage of the experiment to this cause. In similar manner the 
sphericity curve shows a steepening above the theoretical values dur- 
ing the first half-hour. The essential similarity in the behavior of the 
size and sphericity data suggests that during breakage the sphericity 
increases more rapidly than during abrasion. Hence it seems reason- 
able to attribute the initial departure of the sphericity data to 
breakage and at present to accept equations (4) and (6) as being 
essentially satisfied by the observed data. 

The roundness curve shows too marked a departure from a simple 
straight line to attribute the effect to simple breakage, although that 
presumably enters the results. However, the roundness curve does 
not become a straight line until after the first 2 miles are passed, and 
the resulting straight line is practically parallel to the sphericity 
curve. This suggests that two distinct processes are involved in 
rounding during abrasion. At the start of the process (even without 
breakage) the increase in rounding is very rapid; but after the most 
angular corners are worn down, the remainder of the process takes 
place at about the same rate as shape change. This suggests that 
at least two exponential functions are operating in conjunction to 
produce the observed result. The fact that the roundness curve be- 
comes parallel to the sphericity curve (this effect may also be seen in 
Fig. 3) indicates that sphericity probably controls the rounding 
process in the long run. The writer had anticiptaed that both round- 
ing and shape change would be affected directly by size, but within 
the range of the experiment there is no tendency for either curve to 
become parallel with the size line in Figure 5. It may be that during 
prolonged abrasion the particles finally become small enough so that 
the effect of size enters, but this does not appear to be the case in 
this experiment. 

In order to include the effect of shape on roundness it is necessary 
to re-express equation (2) in such manner that sphericity enters the 
results. It is convenient to express roundness as (P — P,) and sphe- 
ricity as (YW — Y,) in this development, so that the rate of change of 
rounding with respect to distance becomes d(P — P,)/ds. This rate 
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of change may be considered proportionate to the sphericity dimin- 
ished by an initial rapid rounding effect. This yields the differential 
equation 

d(P — P,) 


= b(W — WV.) — a.(P — P,). (10) 
ds 


Here b is a constant of proportionality affecting the degree to which 
sphericity enters the results, and a, is a constant of proportionality 
as in the original expression for rounding, equation (2). 

Equation (10) may be solved by first substituting the equivalent 
to (VY — W,) from equation (6) and then rearranging the terms into 
the standard form 


d(P — P,) 


j + a.(P — P.) = 0(%; — Vo)e~s* . (11) 
as 


Equation (11) is of the type dy/dx + Py = Q, which is described 
in all textbooks of differential equations.** The solution is obtained 
according to standard methods and is found to be 


_ b(¥i — Vo) 


PP ws P, = le a8 — ¢ a8] + (P; an Pye az 


a, — a; 
when the following boundary conditions are included: P = P; when 
s =o. This solution can be changed to a more convenient form by 
changing signs and rearranging: 
bv, — V; 
Po — P = (Po — Pile? + ler — oF]. (2:2) 


ad2z— a, 


3 


Although equation (12) appears at first glance to be considerably 
more complicated than equation (5), inspection shows that it re- 
solves to the former when certain terms are omitted. For example, 
if the sphericity effect is considered negligible, the second term 
of equation (12) may be ignored, and the remainder reduces to 
(P, — P)/(P. — Pi) = e@*, which is the form of equation (5). 

To test equation (12) it is necessary to evaluate certain constants. 
The coefficients a, and a, may be found from the graphs of Figure 5. 
The initial value of the straight line representing sphericity is 0.86. 

22D. A. Murray, /ntroductory Course in Differential Equations (New York: Long- 
mans, Green & Co., 1932), pp. 26-27. 
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Half this value, 0.43, is found at s = 6 miles, which accordingly 
represents the half-distance along the theoretical curve. By dividing 
the number 0.693 by the half-distance, the coefficient a, can be 
found:?3 a, = 0.693/6 = 0.11. 

To find a, it is necessary to remove the effect of the sphericity 
curve from the roundness curve over the steep initial part of the 
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Fic. 6.—Graphic method for segregating a, and a;. The average of the steep lines 
A and B represents the “difference curve” of rounding and sphericity. 
latter. This process is shown in detail in Figure 6, which represents 
the first 5 miles of the experiment.”* The circles show the observed 
values of (P, — P) taken from Table 2. The heavy solid line repre- 
sents the sphericity graph of Figure 5, translated parallel to itself 

23 Krumbein and Pettijohn, op. cit., pp. 208 ff. 

24 In this figure the ordinates are expressed as (P, — P) in accordance with eq. (12). 


In Fig. 5 the roundness data are shown as (P, — P) / (P. — Pj). The change in ordi- 
nates merely shifts the position of the curve without changing its slope. 
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(with allowances for change of scale) so that it lies approximately 
along the observed (P, — P) values in the range beyond 2 miles. 
At each observed value of (P, — P) the vertical scale distance be- 
tween the roundness value and the sphericity line is read. Thus at 
s = 0, the observed (P, — P) value is 0.52. The translated sphe- 
ricity line cuts the vertical axis at o.11. The difference, 0.52 — 
0.11 = 0.41, is plotted as a black dot on the vertical scale. In simi- 
lar fashion the observed differences of all observations in the steeper 
parts of the curve are determined. The black dots lie along an ap- 
proximately straight line; but as the observed (P, — P) values ap- 
proach the sphericity line, their values tend to scatter, reflecting the 
experimental deviations as the effects of initial rounding decrease. 
Two straight lines have been drawn through the black dots, repre- 
senting (A) a weighting of the more steeply inclined points at the 
start of the experiment and (B) a heavier weighting of the values at 
1 and 2 miles. It is likely that initial breakage affected the first two 
or three readings, whereas this effect was diminished after the first 
half-mile. The half-distances of curves A and B are 0.3 mile and 
0.35 mile, respectively. This yields the coefficients 2.31 and 1.98, 
respectively. The average value is 2.15, which will be accepted as an 
approximation of «,, the coefficient of rounding. 

The graphic method yields experimental values of a, and a, but 
affords no direct method of evaluating the 6 in equation (12). How- 
ever, the entire term b(W, — W;)/(a, — a;) can be found graphically 
by extending the straight line which represents roundness in Figure 
6 to the point where it intersects the vertical y-axis. This is found to 
be 0.12. The basis of the graphic method is that, after the effects of 
a, (the rounding coefficient) have become negligible, continued abra- 
sion follows according to the value of a;, the sphericity coefficient. 
Thus in equation (12), when the e~** terms approach zero (P, — P) 
approaches [b(W, — W;)/(a, — a;)||e~s*]. Hence, by extrapolating 
the straight line to s = o, the value of b(Y, — W;)/(a, — a,;) can be 
found directly. 

From the various values found experimentally (Table 2) and 
graphically, equation (12) may now be written 


0.65 — P = 0.52¢7*-'# + 0.12(e'™ — 
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Equation (13) has all items evaluated except P and s. Hence by 
choosing values of s, corresponding theoretical values of P may be 
found. This has been done in Table 3, which shows the calculated 
and observed values of P together with the relative error between 
the two. Figure 7 is a graph which indicates the extent of the agree- 
ment between the two sets of values. An analysis of the error 
column of Table 3 shows that the largest errors occur over the first 
half-mile, which corresponds to that portion of the size and sphe- 


TABLE 3 


COMPARISON OF OBSERVED AND CALCULATED 
ROUNDNESS OF LIMESTONE FRAGMENTS 


Distance Observed Coloietad Relative 

in Miles P P Error 

$ (Per Cent) 

0° .00 o.t2 0.13 0.0 
0.17 260 25 3.8 
0.33 35 34 10.5 
0.50 44 45 2.3 
I .0oOo 50 49 2.0 
2.00 55 55 0.0 
3.00 50 50 0.0 
4.00 58 57 1.7 
5.00 59 58 1.7 
7.00 60 59 Pt 
g .0O0 OI o1 0.0 
12.00 OI 62 1.0 
10.00 03 63 0.0 
20.00 °.64 0.64 0.0 


ricity data which were affected by breakage. These departures are 
accordingly assigned to the same cause. 

The agreement between theory and observation in the experimen- 
tal data suggests that rounding is a process which depends to a large 
extent on the shape of the particles, as equation (10) assumed. Thus 
the resulting equation (12) should afford some insight into the 
dynamical process of rounding. In this connection the b(¥, — ¥;) 
(a, — a;) coefficient is instructive. Analysis of that coefficient shows 
that it is the difference between initial and final sphericity which 
largely controls the process; for given values of 0), a,, and a;, the 
larger the sphericity change, the larger the total coefficient, and 
hence the higher the roundness at any point along the graph. 
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Similarly, the greater the difference between a, and a, (the rounding 
and sphericity coefficients), the more rapidly will roundness increase. 
Finally, the larger the value of b, the greater the rounding. The 
constant b has no immediately identifiable physical meaning, al- 
though its dimensions are 1/distance. In the present experiment its 
value is 1.73, but in the absence of additional experimental data little 
can be predicted about its behavior. 

As a summary of the abrasion theory, it may be stated that size 
reduction appears to be a simple negative exponential function of 
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Fic. 7.—Theoretical curve based on equation (13), showing agreement between 
observed and calculated values of P. 


the type shown in equations (4) and (7); sphericity-change is a 
negative exponential when expressed in the form shown in equation 
(6); in the form given in equation (g) it is expressed in such a manner 
that the curve rises.*> Both equations (6) and (g) are identical, of 
course; the form of the curve merely depends upon whether sphe- 
ricity is expressed directly as Y along the ordinate or whether the 

5 Since this paper was written, Thiel (Jour. Sed. Pet., Vol. X [1940], pp. 103-24) 
published the results of abrasion studies on mineral grains and included some data on 
sphericity. Graphs of the data show that some minerals apparently behave as in the 
writer’s experiment, but others yield S-shaped curves. For the latter it may be neces 
sary to use an equation of the type dW / ds = c,v + cN’ instead of eq. (3). This com 
plicates the function by introducing the second power of the sphericity, which is 


equivalent to using an additional term in the Taylor expansion (see appendix). 
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term (VW, — V)/(W, — W;) is plotted against distance. The expres- 
sion for rounding given in equations (5) and (8) is a rough approxi- 
mation of the function if either the initial departure is ignored or if 
the long-time trend is ignored. Depending upon which part of the 
graph is used, different values of the rounding coefficient will be 
found. A closer approximation to rounding is given by equation 


TABLE 4 


DIMENSIONS OF QUANTITIES IN ELEMENTARY 
THEORY OF ABRASION 


Dimension with Dis 


Quantity Definition tance as Independent 
Variable 

r Size expressed as millimeters, | Length (mass, etc.) 
mass, etc. 

To Initial size Length (mass, etc.) 

r/o Ratio of size to initial size Nondimensional 

P Roundness (Wadell) Nondimensional 

P; Initial roundness Nondimensional 

Po Limiting roundness Nondimensional 

Vv Sphericity (Wadell) Nondimensional 

Vi Initial sphericity Nondimensional 

Vo Limiting sphericity Nondimensional 

ay Coefficient of size reduction 1 /distance 

a, Coefficient of rounding 1 /distance 

a; Coefficient of shape change 1 /distance 

b Shape coefficient in rounding | 1/distance 

a,/a, Ratio of rounding to size re- | Nondimensional 
duction 

a,/a, Ratio of shape change to size | Nondimensional 
reduction 

a;/a; Ratio of rounding to shape | Nondimensional 


change 


(12), which is an exponential function involving the simultaneous 
operation of two negative exponentials, one of which dominates at 
the start and the other of which controls the long-time aspects of 
rounding. To round out the analysis Table 4 is included to show 
the dimensions of each of the variables and parameters in the 
analysis. It will be seen that the a’s and the 6 all have the same 
dimensions and that the ratios a,/a, and the like are nondimensional. 
Thus the several parameters may be compared directly, and in 
terms of ratios they afford nondimensional concepts which may be 


used for further investigations. 
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The coefficients found in the present experiment are a, = 0.043, 
a, = 2.15, and a, = 0.11. Hence, the following ratios may be set 
up to describe the relative rates of size reduction, shape change, 
and rounding: 


Rounding : Size = a,/a,; = 2.15/0.043 = 50 
Shape change : Size = a;/a,; = 0.11/0.043 = 2.5. 
Rounding : Shape change = a,/a; = 2.15/0.11 = 19.5. 


These several ratios correspond to the empirical ratios k,/k,, etc., 
discussed earlier. The precise values differ because the effect of 
breakage is partially corrected in the later coefficients, and the 
theoretical development permitted the separation of the rounding 
coefficient into two values. The earlier reasoning thus leads to 
essentially the same conclusions, except that the theoretical analysis 
sheds additional light on the physical processes which occur during 


abrasion. 
GEOLOGICAL APPLICATIONS OF THE ABRASION THEORY 


The analytical theory of abrasion appears to be valid for tum- 
bling-barrel data within the range of present experimental data, but 
much more important geologically is the question whether the find- 
ings may be applied to actual field situations. It is doubtful whether 
the numerical values of the coefficients obtained in tumbling barrels 
can be applied directly to any field problem, because the numbers 
obtained depend upon the particular equipment used as well as upon 
the special conditions of the experiment. Despite this limitation, it 
seems likely that the general dynamical processes which occur dur- 
ing abrasion in streams and in barrels are similar. That is, the 
nature of the several functions should be the same, although the 
exact values of the parameters may change. The theoretical and 
experimental finding that rounding is a function of itself and of 
shape change, for example, should apply equally well to streams and 
to barrels. Moreover, the relative rates of rounding, shape change, 
and size reduction should hold in the sense that the several ratios 
discussed earlier will occur in the same order in the field and in the 
laboratory. 
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Although the experimental data showed no apparent effect of size 
on either sphericity change or rounding, this does not mean that 
size may not be an influence in these processes. Further experimen- 
tal data are needed in which two or more sets of particles are used, 
similar in all respects except in initial size and abraded under the 
same conditions. By studying the variations in the several param- 
eters in terms of the original sizes used, information may be had 
on the effect of initial size on the rates of change involved. 

Field data support the conclusion that initial size is a factor in 
the rate of rounding. R. D. Russell and R. E. Taylor,” for example, 
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Fic. 8.—Hypothetical curves of roundness as functions of distance for large and 
small particles. Selective transport is not a factor. 

Fic. 9.—Hypothetical curves of roundness as functions of distance for large, inter- 
mediate, and small particles. Selective transport is a factor. 


found that samples of Mississippi River sand showed a lower round- 
ness in the smaller size grades than in the larger size grades; they 
also cite other investigators who reported the same effect. This sug- 
gests that either or both of the parameters P, and a, in equation 
(12) may be a function of size, such that they increase as initial size 
increases. On this basis a hypothetical situation may be developed 
from equation (12) to account for the observations. Figure 8 shows 
two curves of roundness as functions of distance. The upper heavy 
curve represents large particles within a given sample, the lower 
curve represents smaller ones, both starting with low roundness. The 
large particles become more rounded more rapidly than the small 
ones. Thus at some point D along the stream a given sample shows 

26 ““Roundness and Shape of Mississippi River Sands,” Jour. Geol., Vol. XLV (1937), 


225-07. 
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a greater degree of rounding on the larger particles. Hence a graph 
of roundness against size for all size grades of a sample may well 
show statistically that the larger particles are the better rounded. 

The relative simplicity of the above relation between average 
roundness and average size may be much modified by selective trans- 
portation. If both large and small particles are carried along by the 
stream, the relation shown in Figure 8 may apply; if, however, the 
larger particles are left behind during selective transportation so that 
the smaller ones continually outstrip them, a different situation may 
arise, which is sketched in Figure 9. Here three curves of roundness 
as functions of size are shown, associated with large, intermediate, 
and small particles. The large particles round rapidly but only 
travel at distance D,. The intermediate particles round less rapidly 
but move a distance D,. The smaller particles round least rapidly 
but move a distance D,. As the figure is drawn, it indicates that each 
of the successively smaller sizes reaches a higher point on its own 
rounding curve than the preceding ones, thus establishing a net in- 
crease in roundness downstream. (The value of the roundness at the 
several points is indicated by the heights of the ordinates D,, D., 
and D,.) If samples are collected at the three points shown and a 
graph prepared of size against roundness, the graph may show 
statistically that the smaller particles are the most highly rounded. 
As far as the writer is aware, Wentworth published the only graph of 
this type to represent conditions in the field.2”7, Wentworth’s original 
roundness data were “corrected” to a standard distance before the 
graph was prepared, and he does not furnish any independent size 
data. Hence it is not possible to analyze the situation in detail, but 
it seems not unlikely that under conditions of selective transport 
such relations may arise. 

In his study of Russell Fork, Wentworth also published a graph showing his 
final corrected data on quartzite roundness as a function of distance along the 
stream. It may be recalled that equation (12) is based on the assumption that 
the particles are of one rock type and that all start with uniform size, or at least 
that the mean size may be used as an expression for the distribution. Went 
worth corrected his data for the size factor, so that presumably the field data 
were transformed into a set of data to which the abrasion theory may be ap- 


“A Field Study 





” op. cit. 
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plied. In order to see whether equation (12) yields a satisfactory smooth curve 
for the corrected data, Wentworth’s values were read from his graph and re- 
plotted in terms of an assumed asymptote of 0.150. This chosen asymptote is 
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Fic. 10.—A, graphic test of abrasion theory with Wentworth’s Russell Fork data; 
B, relation between theoretical curve of equation (14) and the observed values. 


lower than the last point on Wentworth’s graph, but it agrees with the general 
trend. Figure 10, A, shows the replotted data with (P, — P) along the logarith- 
mic y-axis and distance along the arithmetic x-axis. At s = 0, for example, P= 
0.018, so that P, — P = 0.132. The points scatter rather widely, but a general 
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resemblance to Figure 5 may be seen in that the trend decreases in slope with 
distance. A heavy straight line through the points indicates the approximate 
average trend. 

Wentworth gives no shape data which may be used to obtain the coefficient 
a;; but by reasoning in a manner similar to that used in connection with Figure 6, 
a first approximation to the necessary values may be had. One may assume that 
the change in shape along Russell Fork was less marked than the change in 
roundness which would presumably yield a straight line of slope less than the 
line representing roundness. Following the procedure of Figure 6, such a spheric- 
ity line was drawn in Figure 10, A, as a dashed line. The scale difference be- 
tween each value of (P, — P) and this dashed line was used to draw a “differ- 
ence curve” as in Figure 6. Half-values based on the sphericity line and on the 
difference curve yielded the values a; = 0.08 and a, = 1.73. The general inter- 
cept b(W, — Wi)/(a. — a;) was found to be 0.05 when the average roundness 
line was extrapolated to the y-axis. These numerical data were used in equation 
(12) to calculate the theoretical roundness values. The expression assumed the 
form: 

P, — P = 0.15¢7*-738 + 0.05(e—°-988 — e—1-738) , (14) 
Table 5 shows the values of P calculated from this equation at various distances. 
In the second column the observed values are given as they were read from 
Wentworth’s graph. The general agreement is quite satisfactory; the mean rela- 
tive error is only 5.5 per cent, and the largest errors occur in the early stages of 
rounding. Figure 10, B, shows the theoretical curve calculated from equation 
(14) and the observed points. The general agreement of the two suggests that 
the nature of the rounding function is approximately the same in the laboratory 
and in the field. In this connection Wentworth drew a straight line through the 
latter part of his empirical curve; the theoretical curve of Figure 10, B, suggests 
the asymptotic nature of rounding. 

Both Russell and Taylor’s and Wentworth’s data emphasize the 
fact that a study of abrasion phenomena alone may not be sufficient 
to find unique answers to problems encountered in the field. A 
fuller understanding of the laws of selective transport as they are 
related to specific properties of particles is required. At present, for 
example, it would appear from Wentworth’s size-roundness data 
that selective transport may have been present along Russell Fork; 
the agreement of his final roundness data with the abrasion theory 
suggests that his size corrections eliminated any such effects. It is 
clear, however, that these inferences are gratuitous, because the 
original size data are not given and because the laws of selective 
transport are not fully known. 
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Another difficulty involved in any application of the abrasion 
theory to natural conditions arises from the fact that impact break- 
age and crushing may yield results markedly different from simple 
abrasion. For example, during breakage the rate of size decrease 
may be more rapid than shape change or rounding, thus changing 

TABLE 5 
COMPARISON OF OBSERVED AND CALCULATED 
ROUNDNESS OF QUARTZITE PEBBLES* 


ey Observed Calculated —— - 
ri/R ri/R 
s (Per Cent) 
0.0 0.018 0.018 0.0 
o.1 057 032 43-7 
0.3 oo! 052 14.8 
0.0 073 074 1.4 
0.8 083 o82 1.2 
°.9 085 o86 :.2 
4 098 096 2.0 
1.6 105 101 3.5 
2.5 110 108 1.8 
3.2 112 112 0.0 
4.8.. 124 | 8.0 
a me 116 118 1.7 
7.0 116 121 4.3 
9.0 112 125 11.6 
I1.2 132 129 2.3 
13.6 132 133 0.8 
10.8 128 137 7.0 
19.7 132 139 5-3 
23.1 140 142 I.4 
24.8 144 143 0.7 
20.0 144 144 0.0 
28.4 0.163 0.145 11.0 


* Data in first two columns read from Fig. 41 of Wentworth, “A Field 
Study ....,” op. cit 


the relative orders of the several coefficients. The specific effects 
must probably be determined by experiment, but in special cases 
the results may be predicted. The crushing of small grains by pebbles 
may be expected to accelerate the rounding of the pebbles and to de- 
crease the roundness of the crushed particles. Thus, if several proc- 
esses go on simultaneously or even successively in nature, the final 
curves of size, shape, and roundness as functions of distance may be 
quite complex. As with abrasion, however, these several effects may 
be isolated and studied experimentally. 
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SUMMARY 

The foregoing discussion demonstrates, among other things, that 
the process of abrasion, even when reduced to its simplest terms, 
requires rather advanced methods of analysis. Moreover, the ele- 
mentary theory itself indicates the presence of large gaps in current 
understanding of abrasion phenomena. For example, the exact 
effects of initial size on rounding and the factors which control the 
limiting values which roundness and sphericity approach under 
given conditions are virtually unknown. The theory does indicate 
some of the directions in which experimentation may profitably pro- 
ceed. 

The restrictions imposed on the analytical treatment of abrasion 
also limit the application of the theory to natural conditions. 
Geologists are interested in such questions as the source of a sedi- 
ment, the distance of transport, the agent of transport, the condi- 
tions at the site of deposition, and the general environment of dep- 
osition. Abrasion studies are related mainly to questions of dis- 
tance of transport. Lithologic composition is important in determin- 
ing the source of sediments. Size and shape are related to the agent 
and conditions of transportation, because these factors in turn large- 
ly control settling velocity. This suggests that a critical study of 
particle characteristics which are affected more strongly by one 
process or another may yield criteria for field interpretation. 


APPENDIX 
The theory of abrasion as developed in the text is a restricted form of a more 
general approach to the problem. In order to round out the discussion, some of 
the factors involved in the more general treatment will be sketched here. 
In terms of earlier work, and particularly of research during the last decade, 
it is possible to re-express Wentworth’s earlier thesis on abrasion as follows: 
The fundamental characteristics of particles which may change during abrasion are 
size, sphericity, roundness, and surface texture. The rate of change of any one of these 
four variables with respect to distance may be a function of itself and of the other three 
variables, as well as of lithologic composition and of the nature and kind of motion to 
which the particles are subjected. In an experimental sense the physical constants of 
the tumbling barrel and the absolute size of the load may also influence the results. 
In the present approach to abrasion theory the surface texture was ignored, 
largely because there are no satisfactory methods available for expressing it 
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quantitatively. Further, by using limestone fragments of restricted size, shape, 
and roundness, subjected to constant rigor during abrasion, a number of vari- 
ables were held constant, and the resulting equations were relatively straight- 
forward. Thus such quantities as a,, a., and a; proved to be constants, as were 
P,and W,. In the more general approach these quantities would be parameters; 
that is, the value assumed by them depends upon the nature of particular ex- 
periments. Just how many factors, such as initial size, initial shape, rock type, 
rigor, and others, may affect the shape coefficient a;, for example, is not known. 
These factors may be evaluated by experiments in which one after another of 
the variables is changed, so that the nature of each function may be discerned. 
Until more data accumulate, it seems premature to develop analytical expres- 
sions for these functions. Without some knowledge of the behavior of each vari- 
able the resulting expressions are too general for direct application. Moreover, 
if all possible variables are included in the most general approach, the number 
of arbitrary constants and coefficients increases rapidly. This may be illustrated 
by the following brief outline of such a general approach, based on the use of 
Taylor’s theorem. 


The variables involved in a general approach to abrasion theory are: 


Size, r Rock type, R 
Roundness, P Rigor of the process, H 
Sphericity, ¥ Distance, s 


Surface texture, S 

What is desired is an analytical expression relating each of the first four vari- 
ables to the last variable, in terms of itself and the others, as modified by rock 
type and rigor. With no experimental data whatever, one would assume that 
the rate of change of size with respect to distance is some function of itself and 
the other variables: 

dr : : 

z* flr, P, Y, S, RB, ) . 
In similar manner roundness, sphericity, and surface texture could be expressed 
by such an equation. The resulting functions are continuous and analytic, so 
that each one may be expanded by Taylor’s theorem as follows: 


dr 


_* mo + mr + mP + mv + mS + m;R+ mH . 


Corresponding expressions for roundness, sphericity, and surface texture would 
yield three more equations, with a total of twenty-eight constants of the type m;. 
The resulting equations could be handled in terms of their characteristic equa- 
tion, which would yield a twenty-eighth-order determinant. Clearly, the 
analysis would soon extend beyond the bounds of the immediately practical in 
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terms of field data on sediments. This is not to belittle such an approach;?8 on 
the contrary, if sufficient experimental data are available to eliminate some of 


the m’s, the method furnishes a powerful tool 
for analysis. For example, in the present experi- 
ment, rock type and rigor were held constant, 
and the effect of surface texture was ignored. 
Thus the restricted theory permitted the 
evaluation of some of the constants as follows: 
M, = 0; Mm, = —d,; mM, = 0; m; = o. Thus, by 
a single experiment the complexity of the 
general expression is much reduced. In similar 
fashion other experiments would permit the 
evaluation of the other constants. 

Certain complexities in the rounding process, 
such as Wentworth’s experimental finding that the 
roundness of marble cubes may decrease after reach- 
ing a maximum, may be derived from the general 
theory of abrasion. Such effects may depend upon 
certain combinations of exponents in functions 
which involve the simultaneous operation of two or 
more exponentials. Physically it is possible that 
such effects may be due simply to initial differences 
in the edges of the cubes. Such initial differences in 
length are negligible until the particle is close to its 
asymptotic shape and roundness values, whereupon 
slight differences in axial lengths may manifest 
themselves by a statistically preferred orientation 
during rolling. That is, if there is a tendency for 
the center of gravity of the particle to remain at its 
lowest point during movement of the particle, this 
itself would ultimately result in an increasing de 
parture from true sphericity. A slightly prolate 
spheroid would tend to roll with its longer axis 
essentially horizontal, so that during further ab 
rasion the ratio of the long axis to the shorter axes 


would increase. 


In the present paper only four variables 
were used: size, sphericity, roundness, and 
distance. Three functional relations were de 
veloped in the text, but by the theory of equa 


26 An excellent discussion of this method, applied to biological problems, is given in 
A. J. Lotka, Elements of Physical Biology (Baltimore: Williams & Wilkins, 1925), chaps. 
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tions it should be possible to set up six analytical expressions among these four 
variables. These are: 

Size as a function of distance 

Roundness as a function of distance 

Sphericity as a function of distance 

Roundness as a function of size at any distance s 

Sphericity as a function of size at any distance s 

Roundness as a function of sphericity at any distance s 


The first three of these relations have been given in the text; the last three may 
be had by eliminating ds from successive pairs of the three differential equations 
(1), (3), and (10) of the text. This process yields three additional differential 
equations. Their solution is somewhat tedious, although it presents no diff- 
culties, inasmuch as all of the equations are linear and of first order and first 
degree. The final solutions are given here for completeness: 








. r a, ay P r a; ay 
P.— P= ((P.— P) — KI | + K : (15) 
ro lo 
r a, a, 
vY,—Wv=([WV, — Vi] | | ’ (16) 
Yo 
VY, — WV ] 42/4; yY,-—vwv 
ss - = ) sled 4 i 4 ™ 
P,— Tf! [((P. — Pi) — K] +. -¥. + K ¥.-¥, (17) 
Here K = b(VW, — WVi)/(a. — a;). It will be noted that K is the intercept men- 


tioned in connection with equation (12). Equation (15) covers the relation be 
tween roundness and size at any point s; equation (16) shows the relation be- 
tween sphericity and size at any point s; and equation (17) covers the relation 
between roundness and sphericity at any point s. 

Detailed discussion of the implications of these derived relationships is de 
ferred until more experimental data are available. It may be mentioned in pass 
ing, however, that inasmuch as the present experimental data showed a, > 
a, > a, the several ratios of the coefficients in equations (15)—(17) are all larger 
than 1. Under these conditions the equations have the general forms shown in 
Figure 11. It is interesting to note that all three relations are power functions 
rather than exponential functions of the type already encountered. Among these 
three functions equation (16) plots as a simple straight line of slope a;/a, on 
double log paper. The other two functions plot as double line segments on 
double log paper, because they both consist of the sums of two power functions. 
Hence their graphs (Fig. 11) show a more marked change in trend than the 
simple power function of equation (16). 
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TOPOGRAPHIC ANALYSIS OF THE MONTEREY 
STAUNTON, AND HARRISONBURG 
QUADRANGLES 


H. D. THOMPSON 
Hunter College 


ABSTRACT 

This paper includes a discussion of altimetric curves, hypsographic curves, and 
tabulated data on the relation of topography to bedrock. Interpretation of the curves 
and other data leads to the following conclusions: (1) Within the limits of weak rocks 
the Harrisburg peneplain is well developed in the Harrisonburg quadrangle, fairly well 
developed in the Staunton quadrangle, and poorly developed in the Monterey quad- 
rangle. (2) No peneplain above the Harrisburg is evidenced by the methods here used. 
Lack of clear evidence of the Schooley and/or other upland peneplains in this region 
indicates either that (a) they were never developed here or that (6) they have been 
destroyed by subsequent erosion. (3) Considering the close relation between topog- 
raphy and bedrock and the inevitable truncation of deformed strata by long-continued 
erosion without peneplanation, the present topography can be satisfactorily explained 
without recourse to former planation of weak and resistant rock alike. 


INTRODUCTION 

The Appalachian Mountains have long been a fruitful field of 
geomorphic investigation; yet no one can say that the final word in 
the erosional history of that interesting region has been written. 
Differences of opinion exist among geologists as to the meaning of 
many of the topographic forms. Since Davis developed the concept 
of the cycle, many investigators assign cyclic significance to ac- 
cordant summits, flat tops, even crest lines, shoulders, benches, and 
other breaks in slope; others think these features can be explained 
by noncyclic causes. Differences of interpretation exist regarding 
the number and degree of perfection of the peneplains represented 
in the Appalachian Mountains. In the region here discussed G. W. 
Stose and H. D. Miser’ see four separate peneplains—valley floor, 
intermediate, upland, and summit peneplains. F. J. Wright? recog- 
nizes only two peneplains—the valley floor (Harrisburg) and the 
upland (Schooley). Wright further states that the Schooley pene- 

* “Manganese Deposits of Western Virginia,” Va. Geol. Surv. Bull. 23 (1922), pp. 
10-24. 


2 “The Newer Appalachians of the South, Part I: Between the Potomac and New 
Rivers,” Denison Univ. Bull., Vol. XXXIV, No. 13 (Jour Sci. Lab., Vol. XXITX [1934], 


p. 6). 


521 

















H. D. THOMPSON 





522 


plain has been so largely destroyed by subsequent erosion that the 
probable error in estimating its present level is several hundred 
feet.3 In a recent paper J. L. Rich‘ analyzes the commonly used cri- 
teria of peneplanation and concludes that several of them have no 
cyclic significance. G. H. Ashley’ in Pennsylvania also has ques- 
tioned some of the peneplain criteria. He points out the importance 
of structure, gives evidence of the rapid rate of denudation, and em- 
phasizes the effects of differential erosion on the topography. 

This contribution, which includes a somewhat different method of 
attack, deals with a relatively small region in some detail but by 
no means exhaustively. Multiple erosion surfaces are not presup- 
posed, and peneplains are recognized only where the topography 
cannot otherwise be readily interpreted. It is probably too much to 
expect that criteria will eventually be established whereby pene- 
plains may be identified as objectively and as confidently as are rock 
formations, but work toward that end should be fruitful. 

Except where otherwise stated, the region here discussed is in- 
cluded in the Monterey (Virginia-West Virginia), Staunton (Vir- 
ginia—West Virginia), and Harrisonburg (Virginia), 30-minute quad- 
rangles (Fig. 1). These quadrangles extend from the Appalachian 
Plateau in the northwestern part of the Monterey quadrangle across 
the Ridge and Valley and the Blue Ridge provinces to the Piedmont 
in the southeastern corner of the Harrisonburg quadrangle. Since 
this region, as well as adjacent portions of the Appalachian Moun- 
tains, has been discussed by a number of writers, no general descrip- 
tion is here given. The reader is especially referred to U.S. Geologi- 
cal Survey Folios, Nos. 14 and 61, of the Staunton and Monterey 
quadrangles, respectively, and to two excellent comprehensive pa- 
pers by Wright.° In the 1925 paper Wright gives a review of previ- 
ous literature on the region. 


3 Jbid., pp. 14-15. 

4“Recognition and Significance of Multiple Erosion Surfaces,” Bull. Geol. Soc. 
Amer., Vol. XLIX (1938), pp. 1695-1722. 

s “Studies in Appalachian Sculpture,” Bull. Geol. Soc. Amer., Vol. XLVI (1935), 
PP. 1395-1430. 

® “The Physiography of the Upper James River Basin in Virginia,’ Va. Geol. Surv. 
Bull. 11 (1925); and “The Newer Appalachians of the South ... . ,” op. cit. 
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SUMMITS 
SIGNIFICANCE OF SUMMITS 

In the Appalachian Mountains, as in many other regions, summits 
have long been considered as having cyclic significance. Accordant 
summits are used as an important criterion for the location of ele- 
vated peneplains. Some writers consider accordant summits as ac- 
tual remnants of an ancient uplifted peneplain surface; others judge 
such summits to be portions of a peneplain uniformly reduced from 
a higher altitude; while some think that accordant summits may 
have little or no cyclic significance. Discordant summits are also 
variously interpreted. To some they represent a peneplain that was 
originally imperfect or has been made so by warping, faulting, or 
differential lowering; to others they have no cyclic meaning. Flat 
summits are viewed by some as strong evidence of earlier peneplana- 
tion, while others think that such summits reflect the structure in 
noncyclic erosion. 

Imperfect methods of observation and portrayal no doubt play 
a considerable part in the prevalent disagreement as to the meaning 
of summits. Views from hilltops, long-range ground photographs, 
and projected profiles are methods commonly employed. Ground 
photographs, like eye-views, though often very instructive, are apt 
to produce optical illusions. Views of the same region from different 
stations may have markedly different aspects. Aerial photographs 
usually give better perspective to long-range views than those taken 
from the ground. Projected profiles, as pointed out by Rich,’ un- 
duly emphasize the appearance of horizontality; another disadvan- 
tage is the large space required to publish them. 

Preponderance of summits at certain altitudes does not necessar- 
ily indicate peneplanation at those levels; there are other conditions 
that determine the altimetric distribution of summits. Under cer 
tain conditions the summits in a region should be most numerous at 
an altitude about midway between the altitudes of the highest and 
lowest summits. Such conditions would consist of (1) rocks of many 
different degrees of resistance well distributed throughout the region 


and (2) erosion in one cycle until all parts of the original surface 


Op. cit., p. 16099 
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have been destroyed and the main streams have reached grade- 
the mature stage of topography. Under these conditions summits 
on the weakest rock would range from the lowest altitude near the 
main streams, up to moderate altitude away from the main streams 
or where protected by resistant rock; summits on the most resistant 
rock would range from the highest altitude where distant from the 
main streams, down to moderate altitude where especially exposed; 
summits on the rocks of intermediate resistance would range from 
somewhat above to somewhat below moderate elevation. Thus, the 
number of summits would be few at both extremes of altitude and 
most numerous at intermediate altitudes. Any departure from the 
conditions stated above, either in the rocks or in the stage of erosion, 
should be reflected in the altimetric distribution of summits. A re- 
gion that has not yet reached the mature stage should have a pre- 
ponderance of summits at the upland altitude if the original surface 
were essentially flat. A region well past early maturity should have 
broad summits at low altitude. A region with two types of rock 
differing greatly in resistance and no rocks of intermediate resistance 
should, throughout much of the cycle, have most of the summits 
near the two extremes of altitude and few in between. If there are 
several rock types, each differing sharply in resistance from adjacent 
ones, summit maxima may occur at several different altitudes. Dis- 
tribution of the various rock types resulting from structure will have 
a marked influence on the altimetric distribution of summits. Thus, 
there are circumstances of rock resistance and distribution and stage 
of erosion that may combine to produce a preponderance of summits 
at certain altitudes irrespective of former peneplanation. 
ALTIMETRIC CURVES OF SUMMITS 

The altimetric curve (Fig. 2), as here constructed, shows the alti 
tudinal distribution and areas of all summits. In 1936 the writer® 
used a similar device to depict summits in the West Point and 
Schunemunk quadrangles, New York. According to S. W. Wool 
ridge and R. S. Morgan,’ a curve of similar nature for spot eleva 

* “Hudson Gorge in the Highlands,” Bull. Geol. Soc. Amer., Vol. XLVI (1936), 
No. 12, p. 1842, Fig 


9 Outlines of Geomorphology (The Physical Basis of Geography) (New York: Long 
mans, Green & Co., 1937), pp. 205-66 
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tions has been used in France by Baulig. The data for curves, as 
here used, are obtained by measuring the area enclosed by each 
summit contour on the topographic maps. The total area of summits 
at each elevation is then plotted to scale. The degree of accuracy of 
the curve is dependent on the accuracy of the map and the care with 
which the summit areas are measured. Large summits can be satis- 
factorily measured with a planimeter; the smaller ones are more 
conveniently measured by superposing them onto a grid of closely 
spaced lines. Carefully made from good maps, the altimetric curve 
is an objective method of showing the altitudes and areas of sum- 
mits; of course, it does not explain them. Maxima on the curve show 
altitudes at which summits are numerous or large, while minima 
show the altitudes at which summits are few or small. Pronounced 
maxima, unless otherwise explained, presumably represent plana- 
tion. Probably the most important defect of this kind of curve is 
the fact that it does not show the areal distribution of summits. 
This information must be otherwise supplied. 
SUMMITS OF THE MONTEREY QUADRANGLE 

Altimetric distribution and area.—The area enclosed by the 658 
summit contours is 16.82 square miles, which is about 1.79 per cent 
of the total area of the quadrangle. As a rule, the higher summits 
are sharper than those of low altitude. 

The curve (Fig. 2) is saw-toothed. To some, this shape may sug- 
gest planation at the points of maxima. Thus, planation of greater 
or lesser amount at ten different levels would be indicated. To me 
the curve seems to reflect the structure and the different degrees of 
resistance of the various rock formations. Irregular succession of 
weak and resistant rocks in this folded region, causing local summit 
maxima and minima, gives the notched aspect to the curve. 

The most pronounced maximum on the altimetric curve of the 
Monterey quadrangle is the generalized bulge from 2,500 to 3,500 
feet. This maximum is nearly midway between the highest and low- 
est summits, as it should be after long-continued erosion in a region 
of several different degrees of rock resistance. It consists of summits 
on most of the formations in the quadrangle, being composed mostly 
of the rocks of intermediate resistance but also including the higher 
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summits on the weak rocks and the lower summits on the resistant 
rocks. As this maximum is considerably below the tops of the high 
ridges, it is not likely that it represents the Schooley peneplain. 
Possibly it represents an intermediate peneplain. Most probably it 
is a normal maximum midway between the highest and lowest sum- 
mits which has no cyclic significance. 

Formations on which summits occur.—Table 1 contains the forma- 
tions of the Monterey quadrangle with the area (square miles) of 
outcrop of each and the number of summits occurring at the various 
altitudes on each. The table does not include the areas of the sum- 
mits and, therefore, does not correspond exactly with the altimetric 
curve. Summits at high altitudes are limited to a few formations, 
those at low altitudes are also limited to a few formations, and those 
at intermediate altitudes are found on most of the formations, a 
condition which corresponds with the idea that there should be a 
normal intermediate maximum of summits in a maturely dissected 
region of many rock types. 

The highest summits, on the Blackwater (Pottsville) formation, 
are in the flat Cheat Mountain—Allegheny Front syncline. Slightly 
lower are the summits on the Pocono and Hampshire (Catskill) for- 
mations in the synclinal Allegheny Mountain.'® High summits on 
the Tuscarora formation are in the large Jack Mountain and Back 
Creek Mountain anticlines; the basalt intrusion in Sounding Knob 
is 4,400 feet. Tuscarora, as here used, includes the Juniata, Tus- 
carora, and Cacapon formations as mapped in the Monterey folio. 
Lower summits on the Tuscarora are found where the large anti- 
clines plunge and where small anticlines do not raise this formation 
to high altitude. Some of the formations, especially the Hampshire 
and the Jennings, which are variable in composition, have summits 
through a wide range of elevations. The Shenandoah limestone, 
stratigraphically low and also easily eroded, occurs only in the anti- 
clinal valleys. No summits occur on the Martinsburg and the 
Canaan (Mauch Chunk) shales and the Greenbrier limestone. These 

© It should be noted that, in the Monterey folio, Allegheny Mountain is designated 


the “Allegheny Front,” whereas by common agreement the Allegheny Front in this 
region is now located on Back Allegheny Mountain 
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weak formations crop out adjacent to markedly resistant beds—a 


position not favorable to the development of summits. 


TABLE 1 


TABULATION OF SUMMITS ON THE FORMATIONS IN THE 


MONTEREY QUADRANG L E 
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tive resistance of the formations. The number of summits per unit 
area of outcrop is another indicator of relative resistance of the forma- 
tions. By noting the average altitude of the summits and the num- 
ber of summits per unit area of outcrop on each formation, one might 
arrive at a fairly accurate scale of relative resistance of the various 
rocks. On this basis the Tuscarora, Hampshire, Pocono, and Black- 
water formations are notably resistant, whereas the Martinsburg, 
Romney, Greenbrier, and Canaan are especially weak. The Jennings 
formation is of intermediate resistance, with the Shenandoah and 
the Lewistown somewhat weaker and the Rockwood and Monterey 
somewhat more resistant. The relative resistance of these forma- 
tions is not necessarily the same in other regions, but the method 
should have application elsewhere. 


SUMMITS OF THE STAUNTON QUADRANGLE 

Altimetric distribution and area.—The 533 summits of the Staun- 
ton quadrangle have a combined area of 21.75 square miles, which is 
about 2.3 per cent of the total area of the quadrangle. These sum- 
mits range from 1,300 feet near Middle River in the east to 4,473 
feet on Elliott Knob near the center of the quadrangle. Three prom- 
inent maxima are evident on the altimetric curve—the lowest at 
1,500-1,700 feet, the second at 2,000 feet, and the highest at 3,000 
3,100 feet. The maxima at 1,500-1,700 feet and at 2,000 feet rep- 
resent summits in the Great Valley and in the Calfpasture and 
Little Calfpasture river valleys. Most of the 2,000-foot summits are 
along and near the divide between the Potomac and James drainage 
systems in the south-central part of the quadrangle around Sum- 
merdean, Middlebrook, and Moffett Creek. They are much more 
prominent on the James side than on the Potomac side of the water- 
shed. 

Three possible explanations are offered for the break between the 
1,500-1,700 and the 2,000-foot maxima. (1) The 1,500~1,700-foot 
maximum represents the Harrisburg peneplain, and the 2,000-foot 
summits are low monadnocks on this peneplain underlain by cherty 
beds or other rock distinctly more resistant than the surrounding 
limestone. (2) Both maxima represent the Harrisburg peneplain, 
which slopes from 2,000 feet in the south to 1,500 feet in the north- 
eastern part of the quadrangle, the curve being broken because of 
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pronounced local dissection caused by recent capture of some of the 
Potomac drainage by the James. (3) The 2,000-foot summits may 
represent a peneplain, higher than the Harrisburg, which has been 
almost completely destroyed except along the headwater drainage. 
This third proposal should be invoked only in case neither of the 
other two is satisfactory. 

It is difficult to evaluate the importance of rock resistance in de- 
termining the location and altitude of the 2,000-foot summits. The 
rock is more or less cherty, as it is in practically all the low hills 
and ridges in the Great Valley. But the relative scarcity of summits 
at 1,800 and 1,900 feet and the flat tops of many of the 2,000-foot 
hills are strong arguments that rock resistance is not the sole ex- 
planation for the latter. 

The second proposal is, I think, sufficient to account for the phe- 
nomenon. If those summits on the Potomac side of the divide only 
are considered, there is a gradual upstream rise to 2,000 feet at the 
divide. On the James side, however, the 2,000-foot upland, deeply 
trenched by streams, extends from the divide for a few miles, and 
there the surface drops off rapidly. There are almost no summits at 
1,800 and 1,900 feet, these altitudes falling on the slopes of the 
steep-sided valleys that are cut into the surface. It is the scarcity 
of 1,800- and 1,900-foot summits on the James side of the divide that 
causes the pronounced re-entrant angle on the altimetric curve. Ap- 
parently the Potomac drainage formerly extended farther south in 
the Great Valley. Tributaries of the James, with steeper gradients 
than those of the Potomac, have tapped some of the northward- 
flowing drainage. The area thus transferred from the Potomac to 
the James is now trenched to a depth of 300-400 feet, and undis- 
sected portions remain as flattish hilltops. 

If the foregoing observations are correct, peneplanation, separate 
from Harrisburg peneplanation, is not necessary to explain the sharp 
re-entrant angle on the altimetric curve between 1,700 and 2,000 
feet. Had not piracy and its attendant dissection occurred, the curve 
would be continuously convex from 1,500 to 2,000 feet. 

The maximum at 3,000- 3,100 feet is approximately midway be 
tween the Harrisburg level and the elevation of the highest summits. 
This middle bulge is more sharply localized than the corresponding 
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bulge of the Monterey curve, a condition due, in part at least, to the 
summits of the Bullpasture Mountain, Walkers Mountain, and 


TABLE 2 
TABULATION OF SUMMITS ON THE FORMATIONS IN THE 
STAUNTON QUADRANGLE 
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the normal result of long-continued erosion on rocks of various de- 
grees of resistance and is believed to have no cyclic significance. 
No maximum above that at 3,000~-3,100 feet is prominent enough 
to suggest planation. 

Formations on which summits occur.—Table 2 shows the area in 
square miles of each formation in the Staunton quadrangle and the 
number and altitudinal distribution of summits on each formation. 
From the table it is obvious that the summits at high altitude are 
limited to a few formations, those at very low altitude are also 
limited to a few formations, and those at intermediate altitudes are 
found on most of the formations. Summits above 3,800 feet occur 
only on the synclinal Pocono and Hampshire formations in the 
Shenandoah and Great North Mountains and the anticlinal Tus- 
carora (Massanutten) in Jack Mountain. Summits below 1,600 feet 
occur only on the Shenandoah limestone and the Martinsburg shale 
in the Great Valley. The eight summits on the Martinsburg shale 
average lower in altitude than the summits on the Shenandoah lime- 
stone. The Hampshire formation, probably the most variable in 
lithology of the formations in this quadrangle, has summits distrib- 
uted through the greatest range of altitude. The number of summits 
on most of the formations is not in proportion to their areas of out- 
crop. Thus, some of the formations are prominent summit-makers 
while others have relatively few summits. 


SUMMITS OF THE HARRISONBURG QUADRANGLE 


Altimetric distribution and areas.—The 352 summits in the Har- 
risonburg quadrangle comprise about 1} per cent of the total area 
of the quadrangle. The summits range in altitude from 600 feet in 
the Piedmont to 3,600 feet in the Blue Ridge. All of the summits 
below 1,100 feet are in the Piedmont. The portion of the Piedmont 
included within the quadrangle is too small to warrant a statement 
of the general altitude of summits in the Piedmont province. How- 
ever, their low altitudes, as compared to the valley west of the Blue 
Ridge, evidently result from nearness to the James, whereas the 
drainage in the Great Valley is far distant from the Potomac. The 
great maximum at 1,300~-1,500 feet is the Harrisburg peneplain level 
in the Great Valley. This surface slopes northeastward with dimin 
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TABLE 3 


TABULATION OF SUMMITS ON THE FORMATIONS IN THE 
HARRISONBURG QUADRANGLE 
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ishing slope downstream from 2,000 feet on the divide in the south- 
ern part of the Staunton quadrangle to about 1,400 feet in the north- 
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ern part of the Harrisonburg quadrangle. In addition to the general 
northeast slope, the surface slopes from both sides toward the main 
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streams. Higher summits are too few, small, and discordant to sug- 
gest a peneplain above the Harrisburg. The absence of the pro- 
nounced middle bulge on the curve, so prominent on the curves of 
the Staunton and Monterey quadrangles, is probably due to the 
scarcity of rocks of intermediate resistance and to a more advanced 
stage of erosion. Between the resistant crystallines and Lower Cam- 
brian sandstones of the Blue Ridge, on the one hand, and the weak 
Shenandoah limestone and Martinsburg shale of the Great Valley, 
on the other, there is no great amount of moderately resistant rock, 
such as the Jennings and Hampshire formations farther west. The 
advanced stage of erosion results from the broad, uninterrupted out- 
crop of weak rock and the downstream position of the region. 

Formations on which summits occur.—Pre-Cambrian granite, 
gneiss, and gabbro, the Catoctin greenstone, and the Lower Cam- 
brian sandstones and shale comprise the Blue Ridge and the Pied- 
mont. The Shenandoah limestone and Martinsburg shale in the 
Great Valley underlie about half of the quadrangle. The Tuscarora, 
Oriskany, and Hamilton are in the synclinal Massanutten Moun- 
tain. In proportion to area, the Tuscarora and Lower Cambrian 
sandstones are especially prominent summit-makers. It shculd be 
noted that summits on the Martinsburg shale average lower than 
those on the Shenandoah limestone (see Table 3). 


SUMMITS ON LARGE-SCALE MAPS 


Fearing that the scale of the Monterey, Staunton, and Harrison- 
burg sheets might be too small and the contour interval too large to 
reveal accurately significant summit maxima, altimetric curves of 
the summits were constructed from the larger maps, which cover 
nearly half of the region. Two of these curves are shown in Figure 3." 

The curves constructed from the large-scale maps conform closely 


"t The Cass, West Virginia—Virginia, and the Warm Springs, Virginia—West Virginia 
only the West Virginia portion is mapped), 15-minute quadrangles with 50-foot 
contour interval and the Mountain Grove, Virginia-West Virginia (only the Virginia 
portion is mapped), and Warm Springs Run, Virginia, 73-minute quadrangles with 20- 
foot contour interval cover nearly all of the western half of the Monterey quadrangle. 
The Waynesboro, Virginia, and Elkton, Virginia, 15-minute quadrangles, each with a 
contour interval of 20 feet in the lowlands and 50 feet on the ridges, cover the south- 


western and northeastern quarters of the Harrisonburg quadrangle 














with the curves of the same areas made from the smaller-scale maps. 
Because of the smaller contour interval the former are more ragged, 
but the main maxima and minima are essentially the same. The 
smaller the area included in a curve the more prominently do local 
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Solid line - Cass, Warm Springs, Mountain Grove, 
and Warm Springs Run quadrangles (2015 summits ) | 


Dotted line-Waynesboro and Elkton quadrangles (946 summits) 





Altimetric curves of the Cass, Warm Springs, Mountain Grove, and Warm 


Springs Run quadrangles and of the Waynesboro and Elkton quadrangles 


groups of summits appear. Thus, the summits on the Allegheny 
Plateau at about 4,750 feet, those on Allegheny Mountain at about 


4,500 feet, and those on the Blue Ridge at about 2,950 feet are more 


prominent in Figure 3 than they are in Figure 2. 
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CONCLUSIONS AS TO SUMMITS 

The summits, especially the upland summits, are small in area. 
Less than 2 per cent of the total area of the Monterey, Staunton, 
and Harrisonburg quadrangles is included within the summit con- 
tours. When plotted on a scale, the summits do not appear so nearly 
accordant as when seen from a commanding elevation in the field. 

By far the most prominent erosion plane in this region is the Har- 
risburg. This surface is best developed in the Harrisonburg quad- 
rangle west of the Blue Ridge, where the great preponderance of 
summit areas is at about 1,400 feet. It is well developed in the east- 
ern part of the Staunton quadrangle at 1,500~-2,000 feet. In the 
Monterey quadrangle the position of the Harrisburg peneplain is 
scarcely recognizable on the summit curve. The valleys are fairly 
narrow, with few summits in them and rise upstream rather rapidly. 
In all three quadrangles the Harrisburg surface rises upstream and 
away from the main streams, the rise becoming steeper toward the 
headwaters. 

Recent capture of some of the headwaters of the Potomac by 
tributaries of the James is believed to account for the relative scar- 
city of 1,800- and 1,900-foot summits in the southern part of the 
Staunton quadrangle, a scarcity which causes the 2,000-foot level to 
appear falsely as separate from the Harrisburg level. 

It is believed that the summit maximum at about 3,000 feet in the 
Monterey and Staunton quadrangles has no cyclic significance but 
is the normal result of noncyclic erosion on rocks of various degrees 
of resistance. In case one does assign cyclic significance to this sum- 
mit maximum, the peneplain it represents slopes westward, for it 
is slightly higher in the Staunton quadrangle than it is in the Mon- 
terey quadrangle. A peneplain at that level could not have been 
nearly perfect, as the higher ridges rise far above it. 

Summits above the middle maximum are so few in number, small 
in area, and discordant in altitude that I should not like to fix the 
position of any peneplain on the basis of the evidence they furnish. 
If one or more higher peneplain once existed in this region, they 
must have been so completely destroyed as to be unrecognizable on 
the charts of the present summits. 
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RIDGES 
GENERAL STATEMENT 

Table 4 is a summary of pertinent data on the principal ridges 
from the Allegheny Front to the Blue Ridge between latitudes 38° N. 
and 38°30’ N. This area extends somewhat beyond the boundary of 
the Monterey quadrangle on the southwest and slightly beyond the 
boundary of the Harrisonburg quadrangle on the northeast. Ridges 
included in the table are those that are continuous within the re- 
gion for 10 miles or more and rise to a height of 1,000 feet or more 
above the adjacent valleys. Certain relationships between the data 
in Table 4 seem significant. The ridges are listed in order from west 
to east. The average altitudes of the summits along the crest lines 
(col. 2) give the elevations of the ridges as they would be without 
notches. A fair average altitude of the whole crest line may be ob- 
tained by averaging the altitudes of the notches (col. 4) with those 
of the summits. Slopes of the ridge sides (col. 7) were determined 
according to the method explained by A. B. Cozzens.” 

ALTITUDES OF RIDGES 

From the Allegheny Front eastward there is in general a decline 
in the altitudes of the ridges. This decline is by no means regular or 
continuous; lower ridges alternate with higher ones. Obviously, not 
all of the ridge crests can be remnants of an eastward-sloping pene- 
plain. Nor can they have been uniformly reduced from such a pene- 
plain. If the valleys were filled to the tops of the ridges, the surface 
would still be corrugated with considerable relief. By considering 
only certain of the higher ridges—Allegheny Front, Allegheny 
Mountain, Jack Mountain, Warm Springs Mountain, Shenandoah 
Mountain, and Blue Ridge—a fairly gradual and uniform eastward 
slope is discernible. If these higher ridges represent an eastward- 
sloping peneplain, the lower, intervening ridges have been variously 
reduced from that level. 

It seems superfluous to consider an upland or summit peneplain 
if the various altitudes of the ridges can otherwise be satisfactorily 
explained. The following factors are believed to account sufficiently 
for the various altitudes of the ridges: (1) different rock formations, 


12“An Angle of Slope Scale,” Jour. Geomorph., Vol. IIT (1940), pp. 52-56 
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(2) structure, (3) width of outcrop of ridge-makers, (4) altitude of 
anticlinal folds, and (5) nearness to main streams. The Tuscarora, 
Hampshire, Pocono, and Blackwater formations make the highest 
ridges. As to structure, synclinal ridges are highest, anticlines are 
next, and monoclines are on the average lowest. Several of the mon- 
oclinal ridges consist of Tuscarora sandstone. Those Tuscarora 
ridges where the dip is gentle and the outcrop is broad are higher 
than the ridges of the same formation where the dip is steep and 
the outcrop is narrow. The altitudes of some ridges—Back Creek 
Mountain, south of Fodder House, Jack Mountain, north and south 
of Bolar Valley, Warm Springs Mountain, north of Boner Mountain, 
and Walkers Mountain—depend on the altitude of anticlinal folds 
of the Tuscarora sandstone and decline in elevation with the pitch 
of these folds. The two mountains of greatest altitude are important 
drainage divides. The Allegheny Front in the northwestern part of 
the Monterey quadrangle is the divide between the Monongahela 
and the New River drainage and is the highest ground in this region. 
Southward this mountain declines in altitude as it becomes the di- 
vide between two branches of the New River system. Allegheny 
Mountain, the second highest mountain in this region, is the drain 
age divide between the Atlantic and the Gulf. In the northern part 
of the Monterey quadrangle, where this mountain is highest, runoff 
goes to the Potomac, to the James, and to the Greenbrier. Southward, 
downstream between the James and the Greenbrier, the altitude 


declines. 
EVENNESS OF CREST LINES 


The spac ing and depth of notches in the ridges should give a fairly 
accurate picture of the evenness of crest lines. Only those gaps more 
than 100 feet deep are counted here. ‘There seems to be no relation 
between altitude of the ridges and the spacing of notches. Some of 
the highest, as well as some of the lowest, ridges are very knobby; 
and some ol the highest, as well as some of the lowest, have very 
uniform crest lines. Although it is difficult to formulate a rule re 
garding evenness of crest lines, it appears that structure and the 
variety of rocks are important. Most of the anticlines are compara 
tively even-crested, especially il composed of an unbreached re 


sistant formation. Bullpasture Mountain is an exception to the gen 














540 H. D. THOMPSON 


eral rule because of the variety of rocks along its crest—the Tus- 
carora, Lewistown, and Monterey formations each comprising some 
of the summits. The Monterey formation is especially inclined to 
knobby summits. 

In the southeastern part of the Monterey quadrangle and the 
southwestern part of the Staunton quadrangle is a series of anticlinal 
ridges with even crestlines. Walkers Mountain has an even crest 
at 3,100 feet for a distance of 6 miles. As pointed out by Wright," 
this crest is formed by a denuded anticline of the Tuscarora sand- 
stone and is not related to any peneplain surface. Six miles to the 
southeast of Walkers Mountain another denuded arch of the Tus- 
a forms the even crest of Black Oak Ridge at 2,000 feet. To 


caror h 
the south of Walkers Mountain the even crest of Mill Mountain at 

500 feet is formed by a similar anticlinal fold of the Tuscarora 
sandstone. The monoclinal Monterey Mountain, west of Monterey, 
has some long summit stretches at 4,000 feet; Jack Mountain, west 
of Bolar Valley, has a long, narrow summit at 3,400 feet. The 
writer agrees with Rich's that such summits are the natural result 

structure and are not dependent on peneplanation. 

\verage depth of the gaps, obtained by subtracting the figures 


jlumn 4 from those in column 2 in the table, is not proportional 


4 
to the altitudes of the ridges. In general, the higher a ridge is above 
surroundings (col. 8) the deeper the gaps, though there are ex 
‘ptions to this rule. A low ridge cannot have deep gaps, even 
though breached to its base, whereas a high ridge may be deeply 
I y > ) al v 1 ba , { 
EEPNI j vt 
Figures in Column 7 give the average percentage of slope of the 
ridge sides as measured from the crest down 800 feet on both sides 
at intervals of about 1 mile. As a rule, the higher ridges are steeper 
than the lower ones, though there are several exceptions All the 
Leepest riages are con posed oO} J Iscarora sandstone oO! have syle li 
nal structure ynelines of the ‘Tuscarora formation do not occur in 
this region, except in Massanutten Mountain, which is not included 
n the table. Monoclines of the ‘Tuscarora ar steepel than the anti 


ply ie Upper James Rives op. cil., p 
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clines of that formation. For example, Monterey Mountain and the 
northern part of Little Mountain, monoclinal limbs of the breached 
Back Creek anticline, have slopes of about 40 per cent, whereas the 
unbreached southern portion of this anticline has a slope of about 
30 per cent. Also, the limbs of the breached portion of Jack Moun- 
tain, on each side of Bolar Valley, are steeper than the unbreached 
portions of that anticline. Ridges of the Jennings formation have 
the gentlest slopes 
BREACHED ANTICLINES 

In the Monterey quadrangle are three anticlines of the Tuscarora 
sandstone which have been breached, and canoe-shaped valleys have 
been excavated between the limbs. North of Fodder House, in the 
center of the quadrangle, the breached Back Creek anticline extends 
as Little Mountain on the west and Monterey Mountain on the east. 
South of Boner Mountain, in the southern part of the quadrangle, 
the Warm Springs anticline is breached. The Jack Mountain anti- 
cline, in the eastern part of the quadrangle, is breached between 
Duncan Knob on the south and Sounding Knob on the north. In 
each of these anticlines, as in most anticlines in this part of the 
Appalachians, the western limb has the steeper dip, and therefore, 
narrower outcrop of the ridge-making formation. In each case the 
eastern ridge is higher than the western. In the Back Creek anti 
cline the average difference in altitude of the two ridges is 472 feet; 
in Warm Springs Mountain and also in Jack Mountain the differ 
ence is about 300 feet between the eastern and the western ridges 

The amounts of differential lowering of these paired ridges of the 
breached anticlines correspond approximately with the altitudes at 
which the restored folds of the ‘Tuscarora were breached. All the 
three folds appear to have about the same degree of symmetry. 
Restoration of the folds on the basis of measured dips of the strata 
indicates that the ‘Tuscarora sandstone in the Warm Springs and 
Jack Mountain anticlines was breached at about 5,500 feet, and in 
the higher Back Creek anticline at about 7,000 7,500 feet. These 
altitudes at which the anticlines were probably breached are above 
the level at which anyone has placed an upland peneplain in this 
region. Were the tolds all truncated by a peneplain at a common 
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level, the amount of subsequent differential lowering of the paired 
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limbs should be about the same for each anticline. Instead, how- 
ever, the amounts of differential lowering are proportionate to the 
calculated altitudes at which the anticlines were breached. This 
fact suggests that denudation of the ridges has been continuous 
since the anticlines were breached. 

There are, of course, several factors that take part in the differ- 
ential reduction of ridges. However, it is believed that examination 
of many cases of differential lowering and its relation to structure in 
various localities should be of importance in indicating either the 
presence or the absence of an upland peneplain; also a ratio between 
thickness of outcrop and rate of reduction might be established. 

FLAT TOPS 

In the northwestern part of the Monterey quadrangle the Ap- 
palachian Plateau might be considered an upland flat, although the 
relief is nearly a thousand feet. The structure is a very broad syn- 
cline with the resistant Blackwater (Pottsville) formation at the 
surface except where Cheat River, following the axis of the syncline, 
has cut through to the underlying Canaan (Mauch Chunk). From 
the eastern edge of the plateau (Allegheny Front), where the highest 
knobs rise above 4,800 feet, the surface drops down the steep east- 
ward-facing escarpment to an intermediate bench on the Pocono or 
Hampshire sandstone at about 3,000 feet altitude. From the inter- 
mediate bench a second escarpment about 500 feet high leads down 
to the Greenbrier River. Thus, there are three topographic levels 
the plateau upland at about 4,500 feet, the intermediate bench at 
about 3,000 feet, and the Greenbrier Valley at about 2,500 feet. 

Considering only the surface, these three levels suggest three dif 
ferent baselevels. But, when the structure is considered, their cyclic 
significance is doubtful. The plateau surface conforms approxi- 
mately with the altitude of the resistant Blackwater formation, more 
or less trenched by Cheat River and its tributaries. It is not known 
whether any younger rock ever covered the Blackwater in this re 
gion. If so, it has been stripped off. The intermediate bench is un 
derlain by nearly flat-lying sandstone, from which the weak Green 
brier limestone and Canaan shale have been more or less stripped. 
The present level of the Greenbrier River is that of a graded stream, 


which may be slowly lowered further without uplift. The topog 
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raphy here is somewhat analagous to that of the steplike walls of a 
canyon where weak and resistant rocks alternate. Multiple cycles 
do not seem necessary to explain such features. 

Top of Allegheny, on Allegheny Mountain, in the northern part 
of the Monterey quadrangle, is an upland with a flattish surface, 
the highest parts of which rise to more than 4,600 feet. This moun- 
tain top is dissected by small streams to a depth of about 800 feet. 
The upland surface of this mountain top is formed by resistant 
Hampshire or Pocono sandstone in the trough of a broad syncline. 
Because the upturned beds on both sides of the synclinal axis are 
truncated, this surface has been considered as a remnant of the 
Schooley’® peneplain. Such truncation is a necessary consequence 
of peneplanation. It would seem, also, that truncation might result 
without peneplanation, because the axis of a syncline, unless drained 
by a longitudinal stream, can be lowered only as the upturned beds 
on the sides are worn down. 

HYPSOGRAPHIC CURVES 
GENERAL STATEMENT 

The hypsographic curve, in which altitude is plotted against area, 
has long been used to represent the generalized major relief features 
of the earth. This curve should be effective in more detailed work 
and has been so used in England. According to Woolridge and Mor- 
gan: 

The ideal curve for an area which had suffered uninterrupted denudation by 
water-erosion, after a single simple uplift, would be regular in form, concave 
upwards, representing as it were, the generalized curve of water-erosion. The 
preservation of portions of planation surfaces or “platforms” must modify the 
curve, by superimposing a convexity on its simple concave form, at points 
corresponding with the general heights of the several platforms.'® 


lhe data for the hypsographic curves of the Monterey, Staunton, 
and Harrisonburg quadrangles (Fig. 4) were obtained by measuring 
with a planimeter the area enclosed by each successive contour line 
and expressing each area as a percentage of the total area of the 


quadrangle. 


's Wright, “Physiography of the Upper James River ,” op. cit., pp. 13-14 


© Op. cit., p. 261 
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MONTEREY QUADRANGLE 
Above 3,200 feet there is no convexity or flattening of the hypso- 
graphic curve of the Monterey quadrangle to suggest planation. 
About 20 per cent of the surface of the quadrangle is above 3,200 
feet. From 3,200 feet down to 2,500 feet the curve flattens gradu- 
ally. About 44 per cent of the surface lies between 2,500 feet and 
,200 feet. Below 2,500 feet the curve steepens gradually, becoming 
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F1G. 4.—Hypsographic curves of the Monterey, Staunton, and Harrisonburg quad 


marked below 1,800 ieet. About 27 per cent of the surface is be 
tween 1,800 and 2,500 feet altitude. That part of the curve below 
3,200 feet includes the valleys, the highest of which reaches 2,200 
feet on the Potomac-James divide, some of the low ridges, and the 
bench on the Allegheny Front. Some degree of planation, presum 
ably Harrisburg, followed by rejuvenation, is here indicated. Plana 
tion was practically limited to the weak rocks of the valleys and 
even there was not perfect. The valleys are probably more accu 
rately designated as mature valleys rather than parts of a peneplain 
Jt is noticed that the flattening of the curve is not sharply localized 


but extends through quite a wide range of altitude. One cause for 
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this is the fact that the valleys slope downstream at an average of 
about 30 feet per mile; another reason is found in the different eleva- 
tions of the different valleys. The elevation of any valley, as well 
as the amount of its downstream slope, seems to depend largely on 
the size of its stream. Difference in the amounts of response to re- 
juvenation might, to some extent, explain the different altitudes of 
the various valleys, but it may well be doubted that they were all 
at the same level before rejuvenation. 
STAUNTON QUADRANGLE 

The hypsographic curve of the Staunton quadrangle does not indi- 
cate peneplanation at any upland or intermediate level. From 1,900 
feet to 1,400 feet the gradual flattening of the curve, so as to include 
more than 42 per cent of the surface of the quadrangle, shows the 
Valley (Harrisburg) peneplain. This peneplain is well developed in 
the Great Valley; it is fairly well developed in Calfpasture River 
valley between Great North and Shenandoah mountains. Farther 
west the narrow valleys rise in elevation and reach a maximum of 
2,800 feet at the head of Bullpasture River on the divide between 
the James and the Potomac. Steepening of the curve below 1,400 
feet shows post-Harrisburg trenching of the Valley floor. 

HARRISONBURG QUADRANGLE 

A very pronounced platform occurs at 1,100-1,500 feet, which in- 
cludes nearly one-half of the quadrangle. This platform represents 
the Harrisburg level in the Great Valley. Sharply separated from 
the Great Valley level is a second platform at 500-700 feet, which 
shows the Piedmont level in the southeastern part of the quad 
rangle. According to Wright,'’ the Valley level articulates with the 
Piedmont level through the James and Potomac gaps in the Blue 
Ridge, and both belong to the Harrisburg cycle. In the Harrison 
burg quadrangle the two surfaces differ in altitude because of differ 
ence in distance to the main streams. The Piedmont section is only 
a short distance from the James, whereas the Valley section is quite 
far from the Potomac. The relationship between these two regions 
illustrates the danger of using the criterion of altitude alone in cor 
relating peneplanes. Above the Valley level the curve does not sug 
gest any peneplain level 
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DRAINAGE 

Shavers Fork of Cheat River drains about 25 square miles of the 
northwestern part of the Monterey quadrangle northward to the 
Monongahela River. About 277 square miles of the western part of 
the Monterey quadrangle are drained southward to the New River 
by the Greenbrier and its tributaries. The rest of the area of the 
three quadrangles is about equally divided between tributaries of the 
James and those of the Potomac rivers, the Potomac drainage going 
northward and the James drainage going southward and eastward. 
Nearly go per cent of the region is drained to the Atlantic. The 
main drainage divide, between the Atlantic and the Mississippi, fol- 
lows the crest of Allegheny Mountain, about 12 miles to the east 
of the Allegheny Front. 

In an earlier paper the writer’® proposed that all of the drainage 
west of the Blue Ridge to the main divide between the east and the 
west is captured drainage. A few facts may here be pointed out 
which seem to support that interpretation. 

As a rule, the drainage is adjusted to structure. The streams are 
mostly longitudinal, following the weak-rock outcrops. Because of 
the regional slope and the pitching and irregular folds, however, it 
would be impossible to drain all of the weak-rock areas without some 
streams crossing resistant rocks. Most of the water gaps are in mono- 
clinal ridges; four cut through anticlines. There are no water gaps 
in the synclina] mountains. 

Although the streams on both sides of the main drainage divide 
are fairly well adjusted to structure, adjustment on the east is ap- 
parently better than it is on the west of the divide. In proportion to 
area, water gaps are more numerous on the west than on the eastern 
side of the divide. Tributaries of Greenbrier River flow westward 
from the divide on Allegheny Mountain across the structure. North 
Fork, Suttleton Creek, Thorny Creek, Knapp Creek, and others to 
the south cut through the Marlin Mountain-Sandy Ridge mono 
clinal range. Suttleton Creek and Knapp Creek also cross the 
3rowns- Michael Mountain anticline, thus cutting directly through 
two ridges in succession. Suttleton Creek crosses the Browns—Mi 
chae]l Mountain arch near the northern end of this northward-pitch- 


Drainage Evolution in the Southern Appalachians,” Bull. Geol. Soc. Amer 
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ing fold and was apparently superposed onto the hard rock from the 
overlying Lewistown limestone. Knapp Creek crosses the anticline 
at about the central, or highest, part of the two-way pitching fold. 
This creek, also, was evidently superposed onto the resistant sand- 
stones from the overlying Lewistown limestone and has persisted 
in its course until it has cut deeply into the resistant rock. Of all 
the streams in this region, Knapp Creek, where it crosses the struc- 
ture, appears to be most out of adjustment. 

East of the drainage divide are two water gaps in anticlinal moun- 
tains. Back Creek crosses the Back Creek anticline near the south- 
ern end of this southward-pitching fold, and Bullpasture River 
crosses the Tower Hill-Bullpasture Mountain anticline at a sag in 
the structure. In each of these cases the stream crosses the anticline 
where the structure is relatively low and has cut through the lime- 
stone into the underlying sandstone. At no place east of the drainage 
divide, in this region, does one find a transverse stream cutting di- 
rectly through more than one ridge. 

Formation of gaps by headward erosion is a corollary of the hy- 
pothesis of the westward shifting of the main drainage divide. The 
divide is now on Allegheny Mountain. If the original divide had the 
same location, one must admit that gaps of considerable depth can 
be formed without the aid of through-flowing streams. Between 
Warwick Run and Knapp Creek a dry gap in Allegheny Mountain 
is about 1,200 feet deep. Six miles to the north in the same moun- 
tain Galfred Gap is about 800 feet deep. There are many others of 
lesser depth. If the original divide were not on Allegheny Moun- 
tain, it has migrated either eastward or westward. Either alterna- 


tive would necessitate the reversal of drainage. 


CONCLUSION 

Interpretation of geomorphic history is largely a matter of the 
consideration of the balance of probabilities; conclusions must 
change as new facts become available or new meaning is given to 
old facts. Probably we should have detailed tabulation of data, 
quadrangle by quadrangle, for much of the Appalachian Moun 
tains before we can feel confident of out interpretation of the topo 
graphic history of that region 


On the basis of the data at hand certain tentative conclusions re 
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garding the topographic history of the Monterey-Staunton-Harri- 
sonburg region may be drawn. My interpretation of the data sup- 
ports Wright’? on the importance of Harrisburg erosion, the differ- 
ential lowering of ridges, and the uncertainty of locating the Schooley 
peneplain; it agrees with Ashley”? on the necessity for detailed 
knowledge of bedrock in drawing conclusions on physiographic his- 
tory; it favors Rich’s* conclusions that several of the criteria, such 
as regional truncation of deformed strata, even-crested ridges, and 
horizontal skyline—commonly used as evidences of peneplanation— 
are unreliable. In fact, the writer agrees in general with the above- 
named authors on most of their conclusions in the papers cited. 

However, one important element, the Schooley, or Upland, pene- 
plain, commonly emphasized by writers on Appalachian topog- 
raphy, is not substantiated by the evidence in this report. The fol- 
lowing four alternatives are suggested as reasons why, according to 
this paper, the Schooley peneplain is not apparent in the Monterey- 
Staunton-Harrisonburg region. 

1. The methods used are not sufficiently precise. Many of the 
data were compiled from the 30-minute maps with the 100-foot con- 
tour interval, larger-scale maps not being available for part of this 
region. However, the data for parts of the region were checked on 
the 15-minute and 7}-minute maps and were found to conform 
closely with the results obtained from the smaller-scale maps. 

2. Evidence of the Schooley peneplain may be present, and the 
writer fails to recognize it. For example, the middle bulges on the 
altimetric curves of the Monterey and Staunton quadrangles, or the 
relatively flat tops of Cheat Mountain and Allegheny Mountain 
features which the writer explained without recourse to peneplana 
tion—may possibly have cyclic significance. 

3. The Schooley peneplain, if it existed in this region, has been 
destroyed beyond recognition by subsequent erosion. Probably few 
geologists now believe that actual remnants of the Schooley pene 
plain are to be found in the present surface. Wright” says of the 
Ridge and Valley province: “All of the ridges have been reduced 
somewhat since the uplift of the Schooley peneplain and some more 

‘The Newer Appalachians of the South ” op. cit., pp. 14-15 and 18 


2 Op cul., p. 139% ** Op. cil., p. 1702 
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than others.” Ashley,”? in his conclusion on the rate of erosion in 
Pennsylvania, says: “The present surface, though reflecting a single 
old peneplain, has been lowered not less than roo feet on the hardest 
rocks and several hundred feet on softer rocks for each million years 
since the beginning of uplift.’”” With such a great amount of differ- 
ential lowering as Ashley suggests, which seems entirely reasonable, 
it would be practically impossible to locate accurately the Schooley 
peneplain, even it it were originally perfect. 

4. The Schooley peneplain may never have developed in this re- 
gion. I know of no reliable basis on which to decide between alterna- 
tives 3 and 4. Characteristics of the present topography might be 
the same in either case. Even by those who consider such features 
as even crests and breaks in slope unreliable criteria, general pene- 
planation of the Appalachian Highlands has seemed necessary to 
explain (a) the regional truncation of strata and (b) the supposed 
regional superposition of drainage across the structure. It is also 
argued that the region could not well have escaped peneplanation in 
the long time since the original uplift. As pointed out by Rich** and 
others, regional truncation of strata, though a necessary consequence 
of peneplanation, is also a necessary result of long-continued de- 
nudation without peneplanation. A hypothesis of drainage develop- 
ment, without recourse to regional peneplanation or regional super- 
position, has been discussed in an earlier paper by the writer.*> Of 
course, the time since the original uplift of this region has certainly 
been long enough for one or more general planations; it has also been 
long enough for the destruction of such peneplains, if formed. There 
is also the possibility of many successive uplifts at intervals too 
brief for general planation. The Harrisburg cycle is an example of 
limited, or weak-rock, planation; possibly earlier peneplains in this 
region were also limited to weak rocks. 
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Professor O. D. von Engeln. As some of the methods here employed have not 
been proved by long usage and the conclusions are therefore tentative, it is 


hoped that further criticisms will be proposed. 
23 Op cit., p 1398 
24 Op. cit., p. 1698 
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the crevices pr ybably resulted from thermal contraction in basaltic flows 


ar ature of the crevice fillings in the Lake Superior 
{ rliest references to these clastic fissure fillings is that 
Winchell,? who mentions the occurrence of brown, alumi 
andy lavers in the lava flows. R. D. Irving? in his classic 
the Lake Superior region observed, “where the overlying 
bed has been removed, that large sections of the under 
yase, sometimes many | ndreds of feet in length present 
ar appearance of being intersected by veins of sandstone 





fissures of plastic material whose source was below the in- 


ds. Consequently it was thought advisable to investigate 


CLASTIC CREVICE FILLINGS IN THE 
KEWEENAWAN LAVAS’ 
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ABSTRACT 


ngs on the north shore of Lake Superior are irregular in their surface 





as derived from erosion of the rocks exposed in the area, mostly basalt 

but partly from associated felsites. The fillings were washed into the 
han the flow lying above the filling 

INTRODUCTION 

shaly fillings of crevices in the Keweenawan lavas of 
uperior region have been noted in the literature but have 
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ound in other regions which result from the intrusion into 
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WILLIAM C. FACKLER 


lite”’ for ‘‘the various sedimentary deposits of sandstone and detrital 
that fill fissures.”” A. C. Lane’ in his work on the Michigan flows 
said: “In fact this shaly or sandy sediment may work far down into 
the old lava beds or traps, following the cracks that formed as it 
cooled.’’ A. E. Sandberg® mentions clastic stringers and uses them 
as one of his criteria for the distinction of separate flows, since they 
are found only at or near the tops of the flows. F. F. Grout and 
G. M. Schwartz’ in the latest publication on the region mention 
clastic dikes in Lake County. 

Fragmental fillings of crevices crop out along the shore of Lake 
Superior at many places from Duluth to Grand Portage. They are 
best shown just west of the Cook County—Lake County line, in Sec. 
1, T. 58 N., R. 3 W., and in the southwest corner of Sec. 19, T. 60 N., 
R. 3 W. 

GEOLOGIC FEATURES 

In general the clastic stringers are a reddish argillaceous sand- 
stone of fine to medium grain made up largely of the detritus of the 
near-by basaltic flows. Some of the grains are well rounded, and 
microscopic examination shows that they are largely plagioclase and 
augite, with minor amounts of magnetite or ilmenite. There is some 
quartz, and there are some fragments of basalt and earlier clastics. 
The secondary minerals, leucoxene, hematite, limonite, chlorite, and 
kaolinite, are common; epidote and calcite occur in some thin sec- 
tions. The plagioclase is principally labradorite, as determined by 
the maximum symmetrical extinction angle of the albite twinning 
bands. Hematite gives the fillings a red color, and the kaolinite pres 
ent in the matrix indicates some decomposition of the feldspars. Mi- 
croscopic examination of the sandstone beds between lava flows 
showed the same mineral assemblages and similar oxidation and 
decomposition as the crevice fillings. 


Several beds of tuff were found interbedded with the flows and 


‘Keweenawan Series of Michigan,” Mich. Geol. Surv. Pub. 4 (geol. ser. 6, 1g09), 


Section across the Keweenawan Lavas at Duluth, Minnesota,” Bull. Geol. Sa 
Amer., Vol. XLIX (1938), pp. %0g-10 
“The Geology of the Anorthosites of the Minnesota Coast of Lake Superior,” 
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CLASTIC CREVICE FILLINGS 


some fissures running down in the rocks below these beds were filled 
with tuffaceous material. Grout® reports that a thin section of a 
similar tuff shows glass shards with what appeared to be analcite ce- 
ment. These tuffaceous fissure fillings commonly show in outcrops a 
patchwork of red and green blotches. A thin section showed the al- 
teration of the original grains. The red material proved to be an ag- 





Fic. 3.—Photomicrograph of clastic material showing typical texture, also a frag 


ment of an ophitic basalt flow 


gregate of basaltic glass fragments which was weathered and oxidized 
to a reddish porous mass surrounding patches of pale green, unaltered 
tuff. ‘The beds of tuff dip in the same direction as the lava flows and 
probably result from deposition by water as does the bedding of the 
clastic stringers. 

The contacts between the wall rocks and the sandstone fillings are 
sharp and give the appearance of having been slightly weathered 
before the material was washed into the cracks. Evidently the clas 


* Ibid., p. 31 
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tic material came from above, and none of the hundreds seen indi- 
The normal bedding of the clastic dikes indi- 


cated a source below. 


cates that they were laid down by w 
at the same degree as the lava flow, 


tilting. 


The fissure fillings range in size from a hairline to six inches or 


more in width. 
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On some flow outcrops they could be traced for sev- 
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ater, and since the bedding dips 
the fillings must antedate the 
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j 4.—Cross sectio elations of crevice 
) ( ci pin x Out at dept 
eral hundreds of feet, but because of their branching and sinuous 
nature the re hard to trace for longer distances. Most of the 
tringers are In the upper ¢ ght or ten feet of the flows, but a large 
one extend Gown st veral times this distance 

No reg r pattern ol the crevice filling could be distinguished, 
put, rather, tne are strikingly irreg ilar in their surface pattern 
ne trike acro the flows in every conceivabl direction and gen 
er nave a near vertical dip whereas the flows dip about hiiteen 





fillings to amygdaloid 


shown in a field sketch ol part 








CLASTIC CREVICE FILLINGS 


of the wave-washed surface of a flow. A similar pattern in the Mc- 
Carty’s flow of New Mexico has been sketched by R. L. Nichols’ and 
is here reproduced for comparison. The fissures seem to have been 
caused by thermal contraction rather than stretching or other causes. 
Their haphazard irregularity does not indicate response to any re- 
gional stresses or to movement of the flow while cooling. This irregu- 
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Fic. 5.--Comparison of cracks in MeCarty’s flow and dike pattern in Keweenawan 


flow. (By permission from Robert L. Nichols, ‘Surticial Banding and Shark’s Tooth 
Projections in the Cracks of Basaltic Lava,’”’ American Journal of Scien Vo 


CCXXXVII [1939].) 


larity has been observed in other regions. M. G. Hotfman'® reports 
that many of the Columbia River lavas are not columnar jointed but 


massive and broken by widely or closely spaced joints and in some 


cases irergularly fractured throughout the tlow. A. E. Jones" dis 


»* Banding and Projections in Cracks in Basaltic Lavas,”’ Amer. Jour. Sc Vo 
CCXXXVIT (1939), tig. facing Pp. 192 
“Structural Features in the Columbia River Lavas of Central Washin 
Jour. Geol., Vol. XLI (1933), pp. 184-05 


“*bormation of Basaltic Lava Flow Proc. Geol. So l mer ibst 1O3 
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tinguished three varieties of texture in the recent flows of Mount 
Lassen and in those of the Hawaiian Islands: (1) broken scoria, (2) 
black lava which broke cleanly while cooling, and (3) lava with a 
relatively smooth surface. If detrital materials filled openings in 
either of the first two, they would be crevice fillings resembling the 
Minnesota clastic dikes. 
ORIGIN 

The study of the nature of the fillings and their relationship to the 
adjacent rocks indicates that, during the cooling of the basaltic flow, 
numerous cracks and fissures were formed which decreased in size 
with depth. The normal processes of weathering and erosion con- 
verted the upper part of the flow into sediment which was washed 
down into the fissures. Volcanic tuffs were mixed with the ordinary 
clastic materia] in some places. Since many of the flows were of the 


aa’ type, the tops were blocky and afforded an easy start for weath- 
ering and erosion. Many of these blocky tops are represented today 


‘ vgdaloid conglomerates which have fine clastic material be- 
tween blocks. This grades into the crevice fillings wedging out below 
the conglomerates. After these events the surface was covered by a 
subsequent flow or flows and the sequence was repeated. The fillings 
are older than the flows which overlie them. In at least one instance 
hey were sufficiently consolidated to contribute material to a later 


onglomerate. The clastic dikes are cut by many veins of zeolites 


+ 
that seem clearly Keweenawan, and some are cemented by zeolitic 
a eo | { iicat f +} ' 5 as : At 
material. This is further indication of their early origin and solidifi 
allio! 
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Geochronologia Suecia Principles. By GERARD DEGEER. Stockholm: 

Almquist & Wiksells, 1940. Pp. 360; pls. go. 

This volume represents the summary of De Geer’s long and important 
life’s work. He defines geochronology as an exact chronology based on 
direct count, without any subjective assumptions, of annually deposited 
layers called “‘varves.’’ By this technique it has been possible to date 
events back for at least 15,000 years. The duration of the Postglacial is 
8,700 years, the Finiglacial 1,073 years, and the Gotiglacial 6,379 years. 
lhe standard chronology has been measured in Sweden, for which De Geer 
proposes the name ‘‘Standard Swedish Time Scale.’’ This time scale has 
been correlated with our present calendar through the standard tree-ring 
chronology. De Geer expresses no concern over the validity of the details 
of this latter chronology, for it is not of particular concern to his dates 
In his varve chronology he has selected as the zero year a particular varve 
which was formed when the ice-dammed Lake Storsjén was drained. This 
event marked the first definitive bipartition of the land-ice (Pl. 63) and so 
s chosen as the end of the Late Glacial and the beginning of the Post 
glacial. This event took place 5690 B.c. within an error of only a few 
years 

Varve measurements from North America, Argentina, Central Atrica, 
India, and New Zealand have been successfully and definitely correlated 
with the Standard Swedish ‘Time Scale by what ts called “‘teleconne¢ 
tion ‘Detailed similarity is there, quite as striking between most widely 
eparated as between neighboring localities and detinitely certifying that 
il must depend on a universal cause,’ Che varve record ts the registra 
tion of solar radiation and must be congruent all over the earth when not 
obscured by local deviations 

Krom a small tentative beginning, 1878-1905, the work grew until be 
tween 1gos5 and 1915 the Swedish chronology was successtully establishes 
hrom tg21 to date the teleconnections have been established 

\ varve is the whole layer of one year’s deposition, having a Coarse! 
grammed part deposited in summer and a finer-grained (usually clay) part 


deposited in the winter. They are tormed only in tresh or slightly salty 


} 


water. Near the ice border the varves are thick. Farther away they 
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come thinner, until at considerable distance they are so thin that they 
have to be measured under a magnifying glass. De Geer calls them re- 
spectively proximal, distal, and microdistal varves. 

A chapter on the ‘Technique of Measuring Varves”’ gives many de- 
tailed directions and points out possible sources of error. This discussion 
is very important to the whole science of geochronology, for only by an 
understanding of the irregularities of the record and their correct inter- 
pretation can correlation be achieved. The reviewer feels that the choice 
of the word “error’’ is here unfortunate, for what De Geer has in mind 
is interpretation or misinterpretation. He gives twelve types of ‘‘physical 
errata’’ such as “changed distance from receding river-mouth”’ etc., and 
six types of “observational errata” such as “‘deceptive bands, simulating 
winter-layers: digraphs, trigraphs,” etc. It is inferred from the book, 
though the author does not say so, that decision in such a case as the 
latter must be left open until the definite parts of the record, above and 
below the doubtful place, have been correlated with either the Standard 
Swedish Scale or with some other nearby measurement which can be 
correlated and where the doubtful part of the first record is clear. Then 
the doubtful varves may be interpreted and the first measured section 
either corrected or the whole remeasured in light of the new interpreta- 
tion (see Plate 45, column 5). When this has been successfully accom- 






































plished the local and chronologically unimportant variations are elimi- 
nated, and the normal or world-wide variations are left. When varves are 
put into a graph, a heavy line is used when it is found that the record 
is of varves whose thicknesses respond to the world-wide causes, where- 
as a thin line is used for varve thicknesses which have resulted from some 





local cause and so have no meaning in world-chronology. 

When the varves alternate in thickness in successive years it is called 
a “‘biennic variation.”’ This sawtooth pattern of the graph thus produced 
during a series of years furnishes a convenient method of comparing un- 
known curves. By plotting the patterns of biennic variations De Geer 
finds characteristic “‘constellations’’ by the use of which the long and 
tedious labor of matching unknown graphs is vastly simplified. Further- 
more, by comparing the constellations of biennic variations as shown on 
Plate go the average reader can see much more significance to the corre- 
lations than he can by looking at the original curves. 

A full discussion of the Swedish eskers (‘‘oses’’) follows in the next 
chapter. They are shown to be composed of a continuous string of ‘‘ose 
centers”? deposited where glacial rivers emerged at the ice edge into the 


standing water of the great Baltic ice lake. Each ose-center is shown to 
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be the result of one year’s deposition of coarse material. Each has been 
traced into and correlated with a particular varve formed farther out in 
the lake. In this way the ose deposition has been precisely dated. The 
oses were not formed by contemporaneous deposition all along the chan- 
nel of a subglacial river but were made as a succession of ose-centers 
which have been somewhat softened and joined by wave-washed material 
during emergence from the waters of the lake. 

The next chapter presents a detailed account of the Stockholm region 
(the region in which varve chronology was first worked out). Annual 
frontal moraines, eskers, and varves are described. The ice edge receded 
rather uniformly and regularly across this region at an average rate of 
120-200 meters per year. The year — 1073 before zero is taken as the 
line between Gotiglacial and Finiglacial—the year in which the great 
Baltic lake fell to sea-level and marine waters and fauna entered some- 
what into the southwest part. The ice edge stood just south of Stockholm 
at this time. Special features of the area are the so-called “‘seismic mo- 
raines’’ composed of blocks of local bedrock whose origin is convincingly 
attributed to local rupturing of the bedrock by seismic activity, which 
occurred — 1050 b.Z. or — 9690 before 1900 A.D. The area in which these 
seismic annual moraines or ‘‘mora”’ (boulder pile) occur is limited to a 
belt 12 km. long and 2 or 3 km. wide. Another similar mora of annual 
moraines is found at Aras Bay, Lake Venern. Annual moraines in general 
are best explained as being subaqueous features where the ice-foot is 
sharp, so that winter pushing plows up these ridges. 

The next chapter deals with the Upsala region. Then follows a descrip- 
tion of measuring the standard varve line in 1905. It was divided into 
sections, each one of which was measured by a student, and then the whole 
assembled and correlated. The recession discovered was normally be- 
tween 200 and 400 meters per year, but it was also discovered that over 
the Botnic Valley between years — 500 to —600 b.Z. calving caused re- 
cession of 2,000 meters per year. This resulted in notable change in direc- 
tion of the ice margin as well as a great deal of ice-rafted till in the record 
of this time. The long varve records of the Angeman Valley, described 
by Lidén, furnish a basis of measuring the rate of land upheaval during 
the last 9,000 years—beginning with a maximum of 15 meters per cen- 
tury and falling to 1 meter per century at present. The graph of this 
rate—Figure 43—is a significant contribution to tectonic geology. 

The next chapter describes the varve expeditions to other continents. 
The expeditions of 1920 to North America, of 1924-25 to northwest 
Himalaya, of 1925-29 to Argentina, of 1927-28 to Central East Africa, 
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and of 1932-34 to New Zealand, all yielded measurements correlated and 
dated with the standard Swedish chronology. 

In conclusion the author expresses the mature conviction that varia- 
tions in varve thickness are related directly to solar variations. He, how- 
ever, finds no periodic variation commensurate with the sun-spot cycle 
which seems to have affected the trees but not the varves. 

The last hundred pages are devoted to description of tables, of symbols, 
the ‘‘Main Time Scale,” of maps and plates in the accompanying Atlas, 
and to an extensive Bibliography. The book is written in excellent Eng- 
lish with just enough idiomatic mistakes to make it delightful reading. 

It is slightly repetitious in places, but this may serve a good purpose for 
clarity and emphasis. The presentation of each subject is given in chrono- 
logical arrangement, telling how the idea or technique evolved from its 
beginning in 1884 to its present status. It is illustrated with excellent 


photographs, three of which are in color. 
Paut MacCLintock 


“Relation of Thickness of Mississippian Limestones in Central and East- 
ern Kansas to Oil and Gas Deposits,’ by WALLACE LEE. (Geological 
Survey Bulletin 26.) Lawrence, Kan., 1939. Pp. 42; figs. 4; pls. 3. 
The data upon which this report was based were obtained by the 

study of the logs and in some cases cuttings from about 3,500 oil and gas 

wells. The thickness of the Mississippian limestones is shown on an ac- 
companying map, together with the close relation of the thickness to 
some of the structural features and to the oil and gas fields where these 
limestones are the producing horizons. Pre-Pennsylvanian folding and 
peneplanation were responsible for the removal of the Mississippian com- 
pletely over large areas and in other areas for great thinning on the struc- 
tural highs. These older anticlines can be traced by the thinning of the 
Mississippian limestone, but the oil and gas accumulations as indicated 
by this study are due not so much to the structures as to the porosity 
developed by weathering and leaching on the pre-Pennsylvanian erosion 
surface. 
A list of fields that have produced from Mississippian rocks, and the 
available production figures, are included. 
LouIsE BARTON FREEMAN 





